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ABSTRACT 

This report  descr ibes  the revisions which have been I made to  

a n  existing FORTRAN IV computer program1 in  order  to  account for 

the rotational effects which a r e  present downstream of a curved shock 

i n  a flow field which is originally irrotational. 

uti l izes the axially symmetr ic  method of charac te r i s t ics  for  adiabatic, 

steady, nonviscous, rotational, supersonic, compressible  flow. All 

of the  capabilities of the original program have been preserved.  

The revised program 

Approved 
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INTRODUCTION 

An IBM 7040 FORTRAN I V  computer program which utilizes the 

axially symmetr ic  method of character is t ics  for adiabatic, steady, non- 

viscous,  rotational, compressible flow has been developed by the Fluid 

Mechanics Laboratory of Brown Engineering Company to analyze 

axially symmetr ic  de Lava1 nozzles. 

revising an  existing program' fo r  irrotational flow. 

g r a m  includes a l l  of the capabilities of the original program. 

The program was developed b y  

The revised pro-  

This report  descr ibes  the revisions and additions which have 

A sample problem is presented been made to the original program. 

with resu l t s  for both i r rotat ional  and rotational flow. 

A complete program listing is presented in  Appendix B. 
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REVISION O F  GOVERNING EQUATIONS 

Discussion 

The original program was writ ten for  steady, irrotational,  

fr ictionless,  isentropic flow. F o r  these  conditions a single differential 

was derived and solutions were  found. Downstream of a shock in  the 

flow field the entropy var ies  f rom s t reaml ine  to  s t reaml ine  and the 

isentropic equation used in  the original analysis is not valid. 

revised program accounts for this variation of entropy. 

The 

Derivation 

The character is t ic  equations will b e  derived for a steady, 

axially symmetr ic ,  adiabatic, nonviscous, supersonic,  rotational flow 

in  which the stagnation enthalpy is the same  for  all points and in  which 

the entropy is constant along a s t reaml ine  before and af ter  the s h o c k ,  

while there  is a discontinuous increase  in  entropy on each s t reamline 

in  crossing the shock. 

equations. 

Such a flow field must  sat isfy the following 

The continuity equation for  axially symmetr ic  flow is 

- pv t p- av t p- aU t v -  a P  t u -  ap = o  . 
r ar ax ar ax 

Eu le r ' s  equations a r e  

aU 1 ap  aU 
ax ar p ax + - -  = o  U -  t- v - 

and 

av 1 ap  av 
ax  ar p ar 

t - - = o  . u -  t v-  (21)) 



Now dp must equal, by the definition of an exact differential, 

F o r  a perfect  gas,  

By comparing Equations 3a and 3b, it can be seen  that  

W e  a l s o  know f r o m  the definition of the velocity of sound in  a perfect 

gas  that  

Therefore ,  Equation 3a may b e  written as 

dp = ($) d (e) t c 2  dp . 

Also, 

and 
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Equations 2a and 2b may now be rewrit ten 

By definition of an exact differential, 

d x t - 1  i ) S  d r  . 
ar  x 

F r o m  the definition of a s t reamline,  

d r  v 
dx u 

- - _ -  

( 4 a )  

and along a streamline,  ds  = 0 (except through a shock wave). Therefore,  

u(2) ..(E) = o  * 

The other four equations required to solve fo r  the eight unknowns 

a r e  given b y  

(5)  

av  
ax - I dx t * 1 d r  = dv 

x 

aU - I dx t ax  ar 
k r  = du 

4 



and 

W e  now have eight quantities connected by eight l inear ,  nonhomogeneous, 

independent equations. These equations a r e  numbers 1, 4a, 4b, 5, 6, 7, 

8 ,  and 9. 

of the  equations. 

The solution may be  written symbolicallyin t e r m s  of the mat r ix  

av 
ax _. 

aU 
ax - 

P 

0 

U 

0 

dx 

0 

0 

0 

ax 

0 0 0 

U 0 0 

2 
C - 
k 0 V 

0 0 U 

d r  0 0 

0 0 dx 

0 0 0 

dx 0 0 

The charac te r i s t ics  curves  a r e  defined a s  those curves on which 

the derivatives of the velocity components and a l l  fluid propert ies  a r e  

discontinuous o r  indeterminate. By selecting any quantity and sett ing 

the numerator  and denominator of the determinate solution equal to zero,  

5 



we can get the complete se t  of charac te r i s t ics .  

resulting equations become 

After simplification, the 
3 

( 1  0 )  u d r  - v dx = 0 

(11) 

d s  = 0 (12) 

c 2 ( dx ' t  d r2 )  - (u d r  - v dx)' = 0 

u du t v dv t 

(u  d r  - v dx) (u  dv - v du) t c 2  

C 2 d p = O  
P 

- 
(u  dx t v d r )  - dp  + 

P k 

t (u d r  - v dx)' 1 = 0 . r 

Equations 10 and 12  a r e  equations of the s t reaml ines  and Equation 1 3  is 

Eu le r ' s  equation for changes in  s ta te  along a s t reamline.  If Equation 11 
d r  
dx ' is solved for - the resu l t s  a r e  

1 - L 
- 1)" 

2 

L 
U 

C 

1 - -  

This result  may be simplified b y  using polar coordinates and letting 

v = V s in  8, u = V cos 8, and M = - yielding 
1 

s in  LY ' 



where  the minus sigl-. is a s s o c b t e d  with the right running characterittir:?: 

and the plus s ign  jvith the left running charac te r i s t ics .  

the  differential equation of the physical charac te r i s t ics  and is identical  to 

thc equation which was found for  irrotational flow. The physical c h a r a r -  

t e r i s t i c s  a r e  inclined at the Mach angle t o  the velocity vector and a r e  

identical  with the Mach lines of the  flow. 

This equation is 

Equation 15b may b e  substituted into Equation 14 yielding 

v d r  
r t an  ( e  T cy) 

t [u tan (e  T a) - vJL = o  

The result ing equation may be simplified by the use  of polar coordinates 

to  give 

s in  8 d r  
s in  a cos (Y P k cos  a s i n  ( e  f a) r 

t * t  t - = 0 , ( 1 6 )  
d e  

f 

Since we a r e  dealing with the adiabatic case ,  

d (q) t cpdT = 0 

or 

V d V + ( - ) c d c = O  2 . 
k- 1 

Als 0, 

T ds  = cv dT t p d (i) 
and 

_. ds = 2 -  dc - ( k - 1 ) -  dP . 
C V  C P 
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I 

Combining these relations, 

dp = - (-) 1 d (t) - V - dV 
C 2  k -  1 P 

Substitution of Equation 17 into 16 and rearranging yields 

Comparison of this equation with the equation for  irrotational flow shows 

that the rotational effects a r e  included in  the last t e r m  of the above equation. 

Equations 15b and 18 may be written in  finite difference form and 

may be solved simultaneously to  construct the physical and hodograph 

character is t ic  nets for a particular problem with given boundary conditions. 



REVISION OF SUBROUTINES 

Discussion 

The addition of the las t  t e r m  of Equation 18 has made necessary  

Corresponding changes were  made the revision of s eve ra l  subroutines. 

in the main  routine. 

Subroutine SAUER. Statements were  added to this subroutine to 

c r e a t e  a n  entropy field on the start ing line. 

i n  the region of the s tar t ing line (this assumption was made in Sauer 's  

analysis) ,  the entropy field may  be  assigned a constant value. 

of 1 .  0 BTU/lb-"R was chosen and incorporated in the SAUER subroutine. 

Since the flow is i r rotat ional  

A value 

Subroutine CASE 1. Numerous changes were  made to  this sub- 

routine as a resu l t  of the addition of the las t  t e r m  to Equation 18. 

can  be  seen  f rom Equation 18, the numerical  values of the Mach number 

and flow angle at the new field point located by CASE 1 a r e  now dependent 

upon the entropy change between the two known field points and the new 

field point. 

t o  calculate the entropy a t  the view point has been included. 

presented in  Reference 2 has  been used. 

As 

In o rde r  to be able to  satisfy Equation 18, a set of equations 

The method 

In the adiabatic c a s e  which is being considered, the entropy 

remains  constant on each s t reamline,  but may be differed on different 

s t reamlines .  Thus, we may write 

where,  as can be seen  f rom Figure 1, n is the normal  distance f r o m  the 

known field point under consideration to the s t reaml ine  passing through 

the new field point. 

9 



, 

I - 
x 

Figure  1 

From Figure 1 i t  can  be seen  that 

s in  CY 

s i n  ( 0  t c y )  
(dr  )R dnlR = 

and 

From the geometry of F igure  1 it can  a l so  be shown that 

ds - s 1 -  s 2  - _  

Substituting Equations 20a, 20b, and 2 1  into Equation 19 yields 



Equation 22  can now be  used along with the revised finite-difference 

f o r m  of Equation 18 to  solve the hodograph net in  the s a m e  manner a s  

for  i r rotat ional  flow. 

i n  Appendix A. 

A complete list of equations for CASE 1 is given 

Subroutine CASE 2. The revisions made t o  CASE 2 a r e  a lmost  

identical  to  those i n  CASE 1. The s ing le  exception is found i n  the expres-  
ds  
dn 

s ion for  - . 
on the axis of symmetry,  €I2 = 0. 

Since one of t h e  two known field points for this ca se  l ies 
dS 
dn 

The revised expression for - is 

A list of those equations from CASE 2 which have been revised, a s  well 

as those which have been added, is given in  Appendix A. 

Subroutine CASE 3 .  It was not necessary  to  calculate the entropy 

for  the field point located by CASE 3 .  

s t reaml ine ,  the entropy was assigned the value of the first upstream point 

on the axis. As in  CASE 1 and CASE 2, the finite-difference forms  of 

Equation 18 were  revised to include the las t  term. 

CASE 3 a r e  presented in  Appendix A. 

Since the axis of symmetry  is a 

The equations for 

Subroutine CASE 4. Since the wall of the nozzle is a s t reamline,  

the entropy at the point located on the wall by CASE 4 can be assigned the 

value of the first ups t ream point on the wall. The finite-difference forms  

of Equation 18 were  a l so  revised for  CASE 4. The equations for CASE 4 

a r e  presented in  Appendix A. 

1 1  



Subroutine PROPTY. The original p rog ram used Subroutine 

PLTN and the thermodynamic table to  calculate Mach number,  p re s su re ,  

and temperature.  The values in the thermodynamic table a r e  found f rom 

Subroutine THERM0 by using the isentropic equations. It was necessary ,  

therefore,  to  rev ise  this subroutine and calculate p r e s s u r e  direct ly  due 

to  the change i n  stagnation p r e s s u r e  a c r o s s  the shock. 

For a perfect gas ,  

1 + c  Pn- To 3 s 3 -  s 1  = R l n -  
Po, p TO 1 

The case  being considered is adiabatic and 

D 

In this equation, Pol corresponds to  the chamber  p re s su re ,  Poc, 

and s 1 corresponds to the chosen constant entropy ups t ream of the shock, 

1 BTU/lb- OR. The new stagnation p r e s s u r e  is 

- pOC 
P o 3  - 

exp (q) 
The pres su re  at the new field point can  then be  determined f rom the 

isentropic relation 

po3 - 
p3 - k 

12 



Subroutine SHOCK I and SHOCK. Subroutines to calculate the 

I 

change in  propert ies  a c r o s s  adiabatic shocks which exist in the flow field 

are included in  the program. 

testing charac te r i s t ics  for intersection. 

t e r i s t i c s  of the same family is taken to be the initial point of an inter ior  

shock. 

lation of an inter ior  shock has  been used in  the program. 

The existence of shocks is determined by 

The intersection of two charac-  

Eastman's  adaptation4 of Moe and Troesch 's  method for calcu- 

After it has  been determined that the charac te r i s t ics  of the same 

family c ros s ,  the point with the la rger  value of r is chosen to be the 

initial shock point and the second point is ignored in  fur ther  calculations. 

Since the shock is initially weak, the initial shock direction is approxi- 

mated by the direction of the right running character is t ic .  

procedure is used to  calculate succeeding shock points. 

r e f e r r e d  to  a r e  shown in  Figure 2. 

The following 

The points 

Figure 2.  Shock Point Calculation Procedure 

13 



Points 1 ,  2 ,  and 13 a r e  known and have been determined by using 

the standard procedures.  

of the point being determined (point 11 ) .  

Point 12 is known and is the shock point upstream 

Point 3 is obtained by assuming that no inter ior  shock is present.  

The location of t h i s  point i s  necessary  in  o rde r  to  calculate point 4. 

point 3 is  established, points 14 and 4 a r e  located by assuming a l inear 

variation of flow properties between 12 and 1 3  to  locate point 14 and 

assuming a l inear variation of flow propert ies  between 2 and 3 to  calculate 

point 4. 

After 

The location of the desired point, point 11, is then established by 

a n  iteration procedure using the applicable Rankine-Hugoniot equations 

and the finite difference fo rm of Equation 18. 

has  been obtained, the flow direction a t  point 11 will be the s a m e  when 

calculated by the finite difference f o r m  of Equation 18 and by the Rankine- 

Hugoniot equations. 

When the co r rec t  solution 

The equations used a r e  

and 

811 = p4+ 611 ( 2 9 )  
V , l N  

where 6 11 is derived a s  follows ( see  F igure  3 ) .  tan 6 11  = - , 
v i ~ T  

and f rom the Rankine-Hugoniot relations,  V , , N  = V 4 t  sin ( e 4  - p,), and 

Vl1T = v4 cos (0 ,  - p4) . Therefore,  tan 611 = E tan (e4 - p4), and 

A s  suggested by Eastman, th ree  values of the shock angle, p l l ,  

were  assumed and the values of € I l l  were  calculated using Equations 28 

1 4  



Figure  3 

and 29. 

811 = a1 t b l  p11+ c1 p1l2 . After using the values obtained f rom Equa- 

tions 28 and 29 to  sat isfy the coefficients of the above equation for  each 

set of values,  the final value of p11 was calculated by setting the result ing 

equations equal and solving f o r  p11 . A complete s e t  of the equations used 

in  Subroutine SHOCK I and SHOCK is presented i n  Appendix A. 

equations were  writ ten for  irrotational flow and adapted to  the original 

p rog ram by  two of the authors of that program, E. H. Ingram and 

It was then assumed that 811 varied parabolically with p11, and 

The 

' C .  T. K. Young. 
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SAMPLE PROBLEM 

A sample problem was run for both rotational and i r rotat ional  

flow. The input data was identical for both cases .  

case ,  the subroutines fo r  calculating the change in  propert ies  ac ross  

shocl.;s werc used but no entropy gradient was permitted a c r o s s  the shock. 

The o n l y  difference between the two cases ,  therefore ,  was the consider- 

ation of rotxtional effects downstream of the shock. As can be seen by 

comparing the output data presented on following pages, including ro ta -  

tional effects caused a decrease  of approximately 0. 528  second in  specific 

impulse (out of a total of approximately 325 seconds) and a decrease  of 

approximately 2915 pounds in  thrust  (out  of approximately 1,  795, 100 

pounds). 

mately 0.16 percent. 

Fo r  the i r rotat ional  

These changes indicate a decrease  in  performance of approxi- 

T h e  computer output data a r e  presented on following pages. Only 

Since the input data was a few sample planes a r e  presented i n  each  case.  

the same  for  both cases, it is only listed with the f i r s t  case.  

tional case is  presented f i r s t ,  

The rota-  
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A P P E N D I X  A 

EQUATIONS FOR THE REVISED AND A D D E D  SUBROUTINES 

CASE 1, Ca lculation of a General Field Point 

CASE 1 a l lows  the calculation of propert ies  a t  a field point n by 

use of the known propert ies  of field points r and I ( see  Figure A-1). 

The flow propert ies  a t  the new point n a r e  calculated by the 

following relations : 

1. 

2. 

3 .  

4. 

5. 

6.  

7. 

8. 

9 .  

4, 4. 

Obtain Mi‘” and Mr*” f rom the thermodynamic table (MI and Mr as 

inputs 

“p = s - 1  1 n -  
MI 

1 
cyr = sin-’  - 

Mr 

cot CYr 
H, = - -c Mr ‘I. 

sin 8, s in  

r r  C O S  (0, - or)  P r  = 



/ 

sP 
P 

Figure  A-1. Field Point Unit Process 

I 

39 



1 2 .  Obtain ki, k r ,  Wp and W, f rom t h e  thermodynamic table (Mi" '  .I_ and 

nput) M $ a i 
r 

s in  cyp c o s  cup 
13. wp = 

sin cyr c o s  cyr 

($) k r  

- 14. wr  - 

s in  ap 
15* = 

c o s  (01  t cup) 

s in  cy1. 
- 16 .  q r  - 

c o s  (e r  - c u r )  

(xn - x,) s in  cyr 
17 .  D N =  c o s  (e, - O r )  



22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

3 0. 

31. 

32. 

33. 

34. 

3 5. 

Obtain M, f rom thermodynamic table (M," as input) 

1 
on = sin" - 

Mn 

Xn = tan (8, t an) 

An' = tan (en - on) 

cot CY* 

H, = .b 

M,' 

s in  8, sin a, 
'n = rn s in  (e, t an) 

sin 8, s i n  an 

r, C O S  (en - an)  
Bn' = 

- X r  + An - 
'r, n 2 

PP + Pn 
2 
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41. Obtain kn and Wn from the thermodynamic table (Mn:';. as input). 

s in  an cos cyn 
42. an - - 



-- 

I .  

7 50. If ei ther len(i) - 0,l < 10- 

r e tu rn  to the main program; otherwise, s e t  8, = 6n(i), Mn':' = Mn(i)'', 

increment the i terat ion counter by 1 and xn - xn(i), and rn = rn(i), 

r e t u r n  to s tep  22. 

or the number of i terations exceeds 50, - 

- 

CASE 2, Calculation of a Field Point Adjacent to the Axis 

Given the flow propert ies  at a point on the axis of symmetry and 

a t  the field point adjacent to  the axis,  a point adjacent to  the axis is calcu- 

lated. 

except that  el = 0 and rp = 0 ( see  F igure  A-1). 

s eve ra l  indeterminate forms  which result  for €Il = 0 and rl = 0, formulas 8, 

15, 20, 21, 33, 48 and 49 l isted under CASE 1 must  be replaced by the 

following relations : 

The unit p rocess  for CASE 2 is the same a s  the one for CASE 1 

However, because of 
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CASE 3, Calculation of a Point on the Axis of Symmetry 

Given the flow propert ies  a t  point r ,  the propert ies  a t  point 

n ( r n  = 0, 0, = 0) a r e  to be determined. 

Figure A -2. 

This unit p rocess  is  i l lustrated in 

The flow properties a t  point n are  calculated by the following 

relations: 

1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

Obtain Mr::< f rom the thermodynamic table using the known value of 

M r  . 

sin 8, s in  Lyp 

r r  cos (0, - ar) 
p =-- 
r 

xn = x r  - r r h r  

Obtain k, and W r  f rom the thermodynamic table (Mr+ as input) 

Obtain M, f rom thermodynamic table by entering M,::: 

1 an = sin-'- 
Mn 



Figure A-2. Unit Process for Point on Axis of Symmetry 
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13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

2 2 .  

2 3 .  

24. 

25. 

X n  = tan ( O n  - an) 

- Pr + P n  
p r , n  - 2 

Xn(i) - xr - r r f A r , n  

Obtain kn and W n  f r o m  the thermodynamic table (Mn+ as input) 

- 

s in  an cos  cyn 

wn = - 

kn 

If either ;Mn(i);:: - M n -  ;::I 5 l o u 7  o r  the number of i terations exceeds 

50, re turn  to the main program;  otherwise, set  xn = xn(i), 

Mn::: = Mn(i):::, increment  the i teration counter by 1 and g o  to s tep 11. 

CASE 4, Calculation of a point on the Contour 

Given the flow propert ies  at a point 1 ,  the propert ies  a t  point n 

are to be determined. 

in Figure A - 3 .  

The unit p rocess  for a boundary point i s  i l lustrated 

The propert ies  a t  point n a r e  determined by the following relations:  

1. Obtain Me ::: f rom the thermodynamic table using Mp as  input. 



sn . ,A 

Figure A-3. U n i t  Process for Point on a Solid Boundary 
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5. xp = tan (ep + &I) 

9. Obtain kp and Wp f r o m  the thermodynamic table (Mi ::: as input) 

sin ai cos "1 
11. 

O = w  Q , n  P 12. 

13. Find x,, r,, and 8, by solving the intersection of the left  running 

character is t ic  with the contour. 

15. If e i ther  lMn(i);::-ML;'lS - IO" o r  number of i terations exceed 50, re turn  

to the main program; otherwise, set Mn:: = Mn(i):;c and go to s tep 16. 

Obtain M, from thermodynamic table using Mn" as input. 16. 

1 
17. an = sin-'- 

Mn 

18. hn = tan ( O n  f an) 



i 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

Obtain k, and Wn from the thermodynamic table (Mn* as input) 

28. Go to Step 13.  

Subroutines SHOCK I and SHOCK. 

Subroutines SHOCK I and SHOCK use the following se t s  of equations 

to calculate the change in properties across adiabatic shocks. 

Figure 2). 

(See 

Flow properties a r e  known a t  points 1, 2, 12 and 13. 

Subroutine SHOCK 

1. Determine P 4 ,  V,, and p4 f rom Subroutine PROPTY. 

2. Obtain k4 and W4 f rom the thermodynamic table using M4:k as input. 

I 3. + = e, - 

, 4. 

5. 

P,, = ~4 t p1v: (1 - F , )  s inL (4) 

Obtain k,, from the thermodynamic table using P,, a s  input 



6. 

7. 

8. 

9. 

10. 

11 .  

1 2 .  

1 3 .  

14. 

15 .  

16. 

17. 

18. 

1. 

2.  

3. 

4. 

5. 

If l e z  - E~ 1 < continue; otherwise,  s e t  E' = e z  and re turn  to s tep  4 

VN,, = V, E Z  sin + 
VTll  = V, C O S  + 

+11 = tan-'  ( € 2  tan +) 

8'1 = t-L4 + Lk11 

EDD = M: sinL + 
- 
R 

PAR =-  W 

2 + k 4 - 1  
(kj f 1) EDD k+ t 1 R ,  = 

k, - 1 
k4 t 1 

RL = - 2k4 EDD - 
k,+  1 

1 
sl l  = s4  t P A R  [ (*1) Pn R l  t 

Subroutine SHOCK I 

DEL = 2 / 5 7 .  3 

Propert ies  a t  points 1, 2, 12, and 1 3  a re  recal led from storage.  

the point being calculated is the f i r s t  calculated point on the shock 

wave, pl = 8, - (Y1 where Q1 = tan-'  CM1 - ] ' ; otherwise,  

p1 = p l l  , the angle of the f i r s t  ups t ream shock point. 

If 

1 

= t- DEL 

= - DEL 

'4 Cl ) = 'I 
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6.  

7. 

8. 

9. 
10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

p4(2)= p1 DEL 

PIC4  = P4 2 - DEL 

N = 3  

Repeat steps 10 through 41 for D = 1 through N. 

x p4 = +4(D) 

tanp,  + tan xp4 

2 F =  

~4 = ~2 t B ( ~ 3  - x Z )  

r4 = r2 t B ( r 3  - r2) 

~4 = sz t B ( ~ 3  - SZ) 

e, = e, t B (e3 - e,) 

M 4 * = M 2 * t  B ( M 3 * - M z * )  

x 1 1  = x 4  

r11 = r4 

U s e  Subroutine SHOCK to obtain MI, $6, e l l ,  and s l l  

Obtain M,, from the thermodynamic table using M,, * as input 

tan (014 Q - a14 ) + tan (a1, - a l l )  
2 ETA = 
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28. 

29. 

30. 

31. 

3 2. 

33. 

34. 

35. 

3 6 .  

37. 

3 8. 

39. 

40. 

If 101, - e,+) I = proceed to s tep  34; otherwise,  se t  

014(1) - - find M14 f rom the thermodynamic table, find 
* 1  1' and re turn  to s tep 26. If a f te r  25 loops 
l M 1 2  - 1 

cyl4 = tan-' 

of steps 26 through 33 the condition 1 €114 - O14(1) I 5 
not been met,  and i f  D = 1, set  p1 = p1 - 1 /57 .  3 and re turn  to 

s tep 5. 

s t i l l  has  

011 = 01, 

Obtain kll , k14, W11, and W14 f rom the thermodynamic table 

(MI1 :;: and M14 ::: a s  input) 

s in  cy l l  cos cvl l  t s in  f f14  cos C y l J  
w11 = 0 . 5  

If 1 ell (D) - O l 1  I < continue the calculations; otherwise, se t  

el l  = ell  (D) and return to s tep 35. 

41. If N = 1 the values established for point 1 1  a r e  the final values. 



42. Using Subroutine POLY, create two parabolic equations with the 

two s e t s  of values of p.4 and el , .  
p11, set  p 4  (1) = p l l ,  N = 1, and return to step 9 to establish the 

final values of the properties at point 11.  

Solve these two equations for 

i 

5 3  



C 

C 

I C 

c 
I C 

C 

I C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

I 

APPENDIX B 

LISTING OF FORTRAN PROGRAM 

PROGRAMMED b Y  C A K L  ToKO YOUNG t M O D I F I E D  B Y  J E R K Y  D A N I E L  

PROGRAM S P - 3 7 M  I B M  7040 COMPUTER S Y S T E M  S E P T E M B E d ,  1964 

A F O K T R A N  I V  COMPUTER PROGRAM T O  C A L C U L A T E  F L O W  P A T T E R N  AND 

PERFORMANCE P A R A M E T t i K S  f-OK A X I A L L Y  S Y M M E T R I C  N O Z Z L E  ( B A S t D  UN 

M E T H O D  OF C H A R A C T E R I S T I C S  A N D  U i I L I Z I f S  S C - 4 0 2 0  P L O T T E R  TU 

C O N S T R U C T  P L O T S  O F  THE C H A R A C T E K I S T I C  NETWORK A N D  S T R E A M L I N E S .  

F L O W  ASSUMEC T U  8 E  S U P E R S O N I C t  S T E A D Y ,  R O T A T I O N A L ,  A N D  COMPRESS- 

I t3Lk.  THE C H E M I C A L  C O M P U S I T l C N  1 5  A S S U M E D  TO R E  F R O L t N  

D R  I N  C H E M I C A L  E Q U I L I B R I U M .  

D E V t L U P E O  BY THE G A S D Y N A M I C S / T H E K M O C H E M I S T K Y  L A t l O R A T O R Y  GF 

BROWN E N G I N E E R I N G  COMPAhY,  INC. 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF SP37-M 

3 F M S F L D ( 3 , 6 0 ) , T H E T A V ( 3 , 6 O ) , X C W A L L ( 2 5 O ) , Y C W a ~ L ~ 2 5 O ) , X X ~ 2 ) , Y Y ( 2 ) ,  

4 X M ( 2 ) , X T ( Z ) , X S T H ( 6 0 ) ~ Y S T ~ ( 6 0 ) r N R O W ( 3 ) , I N ( 3 , 6 0 ) ,  

5 D ~ L ~ 3 ~ 6 0 ) ~ S S H O C K ~ 1 0 0 ~ ~ S S X ~ 2 l ~ S f I E L D ~ 3 ~ 6 O ~ ~ S S A U E R ~ 6 ~ ~  

O I M E N S I O N  X S H O C K ( l O O ) ,  Y S H O C K ( 1 0 0 ) r  F M S H O K ( 1 0 0 ) ,  T S H O C K ( 1 0 0 ) ,  

1 X H U S H K ( 1 0 0 ) ,  E P S ( l O O ) , S S C W A L ( 2 ! 5 0 )  

D I M E h S I O N  C M I  61, NPTCIUI( 61,  XCM( 6,12019 YCM( 6,120) 

T A N ( X )  = S I N ( X ) / C O S ( X )  

P I  = 3,1415925636 

R E W I N D  2 

C 

C R E A D  I N  NUMBER O f  C A S E S  TO B t  RUN 

C 

R E A D  ( 5 9 5 5 3 )  N O A T A  

553 F O R M A T  (515) 

WRITE ( 2 , 5 5 3 )  N D A T A  

N C A S E  = 1 

C 

C K T  C O N T R O L S  I N P U T  O F  THERMODYNAMIC DATA. K T  = 1 F O R  B E I N G  

C R E A D  IN ,  K T  = 0 F O R  A D I A B A T I C  FLOH, WITH C O N S T A N T  M O L E C U L A R  

C WEiGHT AND S P E C I F I C  H E A T S  R A T I O  TO BE R E A D  IN, KT = 2 FOR USING 

C T H E  SAME T H E R M O D Y N A M I C  D A T A  A S  THE P R E V I O U S  RUN 

C 

C K C  CONTROLS I N P U T  O F  CONTOUR P O I t u T S o  K C  = 1 FOR B t I N G  READ IN, 

C K C  = 0 F O R  O S I N G  THE SAME CONTOUR A S  T H E  P R E V I O U S  RUN 

C 
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F L l R T R A N  I V  PROGRAM L I S T I N G  OF S P 3 7 - M  

C K S  CONTROLS S T A R T I N G  L INL .  K S  = 1 FOR B E I N G  R E A D  IN. KS = 0 

C F O R  BEING C A L C U L A T t D  RY S U B K U U T I N t i  SAUER. KS = 2 FOR U S I N G  THE 

C SAME STAKTIPdG L I N E  A S  T H E  P R t V I O U S  RUN 

C 

C KSHGCK C O N T R O L S  THE O P T I O N  OF C O M P U T I N G  SHOCK WAVES. KSHOCK = I, 

C &OR NOT C O M P U T I N G .  KSHOCK = 1 FOR C O M P U T I N G  

C 

93 R E A D  (595531 K T ,  K C t  K S t  KSHOCK 

C 

C R E A C  N U M B t R  OF I N P U T  P O I N T S  O F  r H E R M O D Y N A M I C  D A T A ,  UN T H E  

C N O Z Z L E  CONTOUR, Oh T h E  S T A R T I N G  L I N E  A N D  T H E  ORDER UF P O L Y N O M I A L  

C T O  B E  D E S C R I B E D  FOR THE N O Z Z L E  CONTOUR, AND N U M a E R  LJF C O N S T A N T  

C M A C h  N U M B t R  L I N k S  TO BE P L O T T E D  

C 

C K E N T R U  C O N T R G L S  O P T I O N  OF C O M P U T I N G  E N T R O P Y  CHANGE A C R O S S  SHOCK 

C K E N T R O = O  F U R  C O M P U T I N G  . K k N l R O = l  F U R  NO C H A N G E  

R E A D (  5 , 5 5 3 ) K E N T R O  

R E A D  (5,553) N T A b L C p  N C T t  NSUNE, N, NCM 

C 

C R E A D  A M B I E N T  P H k S S U R t t  CHAMHER P R k S S U R €  AND T E M P E R A T U R E  

C 

R E A D  ( 5 , 5 5 2 1  P A ,  P C p  T C  

552  F O R M A T  ( E l - 1 0 . 7 )  

C 

C R E A D  T H E R M O D Y N A M I C  D A T A  
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C 

753 

97 

C 

C 

C 

754 

735 

C 

C 

C 

C 

5 1 1  

C 

C 

C 

F O R T R A N  I V  PROGRAM L I S T I N G  OF S P 3 7 - M  

R E A D  S P E C I F I C  H t A T S  R A T I O  AND M O L t C U L A R  W E I G H T  ( F O R  F R O Z E N  F L O W )  

R E A D  (5,552) G, W 

C A L L  T H E R M O ( N T A B L f , G , W t P C , T C t P ~ T t F M W ~ G A M M A ~ F M V E C ~ F M S T A R ~ C S l A R )  

C O N T I N U E  

R E A D  SYMBOL AND S C A L E S  O F  C O U R O I N A T E S  T O  BE USED FOR S-C 402G 

P L O T T E R  

R E A C  ( 5 r 5 1 1 1  I S Y M t  X C L ,  XCR, YCB, Y C T  

F O R M A T  ( I A O t 4 F 1 0 . 5 )  

H t A O  DIFFERENT R A D I I  A N D  THEIR R A N G E S  OF T H E  N O Z Z L E  W A L L  

IN THE k f I G H R O R H O G D  OF T H E  THROAT 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF SP37-Fii 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

R E A D  ( 5 , 5 5 2 )  R N X L ,  R N X 2 ,  R P X l t  K P X Z ,  K P X 3  

R E A D  ( 5 , 5 5 2 )  X N l t  XNZ, X P 1 t  X P 2 ,  X P 3  

R E A D  THROAT RADIUS, A R E A  R A T I O ,  NUZZLE L E N G T H ,  X COIJKDINATE OF 

T H E  R O T A T t D  N t h  S T A R T I N G  L I N E  Oh T H E  CONTOUR, M A X I M U M  A L L O W A I j L E  

M E S H  S I Z t t  AND A S P E C I A L  F A C T O R  h H I C H  D E C I D E S  THE C U T - O F F  P O I N T  

Ob THE A X I S  OF SYMMETRY 

R E A D  (5p5S2) R T ,  A R A T I O ,  XIULTH, X C t  DMAX, A N L  

R E A D  MACH NUMHERS FOR C O N S T R U C T I N G  C O N S T A N T  MACH NUMBER LINES. 

R E A C  P O I N T S  ON THE NUZZLE CONTOUR 

921 IF ( K S  - 1 )  7349 7 3 3 ,  742 

734 C A L L  SAUEK(RNXZ,KT,GtNSGNE,XSAUEKIYSAU~~,YSAUtR,THETAS,F~S~UR,SSAUER)  

GO TU 7 4 2  

733 DO 704 J = 1, N S O N t  

R E A D  ( 5 , 5 5 2 )  X S A U t K ( J 1 ,  Y S A U E R ( J 1 ,  T H E T A S ( J ) r  F M S A U K ( J ) , S S A U C R ( J )  

T H E T A S ( J )  = T H k I A S I J )  P I  / 180. 

704 C O h T I N U t  

742 F M S U E K  = F M S A U K ( 1 )  
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2400 

705 

2323 

C 

C 

C 

600 

601 

IS = 1 

I F  ( X C  ,Lk, X S A U E R ( 1 ) )  GO TO 2 4 0 U  

I S  = 0 

I S T A R T  = 0 

R = RPX3 

I f  (ICC , G l ,  X P l  ,AND, XC ,LE, X P 2 )  R = R P X 2  

I F  ( X C  - L E ,  XP1) H = R P X l  

YC = R T  + R - S Q R T ( R * R  - X C * X C )  

XA = X S A U E R ( N S O N t 1  

Y A  = YSAUER(NSONE1 

S6 = ( Y C - Y A ) / ( X C - X A )  

Y E X I T  = RT SCRT(ARATIU1 

FXT = 0 .  

I F ( K C , E Q , O ) G O  10 2323 

DO 705 i=lrNCT 

READ ( 5 . 5 5 2 )  X h A L L ( l 1 9 Y W A L L ( I )  

YEXIT=YWALL(NCT 1 

P R I N T  I N P U T  D A T A  

W R I T E  (696001 

FORMAT ( 1 H l , S X , 2 5 H l N P U T  DATA A R t  A S  F O L L O W S / / )  

W R I T E  (6,6011 P A  

F O R M A T  ( 1 H O , l O X , 2 2 H A M B I E i ' i T  PRESSURE9 P A  =tF12.795H P S I A )  

W R I T E  (6,6021 PC 
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6 0 2  FORMAT (lH'391OX,2ZHCHAMBER PRESSURE, PC =,F1207,5H P S I A )  

W R I T C  ( 6 , 6 7 5 )  T C  

6 7 5  FORMAT ( ~ H O ~ ~ X ~ L ~ H C H A M B E R  TEMPEKATUREr T C  = f F 1 2 . 7 t 9 H  DEGREE K )  

W K I T E  ( 6 , 6 0 3 )  K T  

603 FI IHMAT ( lh0,13X,19HTHROAT R A O I l J S ,  H T  = t F 1 2 0 7 , 4 H  I N . )  

W R I T t  ( 6 , 6 1 7 )  XhLTH 

6 1 7  FORMAT ( lHOvlGX,Z2HNOLZLE LtNGTh,  XNLTH =,F1207,4 t i  IN. 1 

WRITE ( 6 * 6 1 ) 4 )  A K A T I O  

604 FORMAT ( lH0,13X,19HAKEA K A T I O ,  A t / A T  =,F12.7)  

WR I T t  ( OT62'I 1 D M k X  

629 FORMAT (1HO,13X919HMAXIYUM MtSH SIZt =,F12.7,4H IN.) 

W R I T E  ( 6 , 6 0 5 )  

605 FORMAT ( lHO, lGX,44HRADI I  OF THE hi)ZZLE NALL I N  THE I ~ E I G H B O K H O ~ D ,  

1 24h OF THE THRLAT, ASSUMING/ l lX,24HALL THE CENTERS OF RADII, 

2 4 6 h  L I t  CN THE Y - A X I S ,  AND T H E I I Z  EFFECTIVE RANGES//) 

W R I T E  1 6 9 6 0 6 )  K N X l t  XNlv  XNZ 

W R I T E  (6,606) RNXZ, XN2, FXT 

& R I T E  ( 6 , 6 0 6 )  R P X l ,  FXT, X P l  

W K I l k  (6,406) KP.'X2, A P l v  XP2 

W R I T E  ( 6 , b O h )  R P X 3 ,  XP2, XP3 

6 0 6  FORMAT ( 1 1 X 9 HHK A d  I US = 7 F 10 7 1 X 9 JH I N 9 1 X  9 13HEOK X 8 t T  WE EN F 12 7 9 

1 l X , 3 H I I \ I . ~ l X ( 3 H A ' \ 1 0 , 3 X , F l ~ . 7 , 4 1 i  I I U . 1  

W R I T E  ( 6 , 6 0 9 )  

609 FORMAT (LH1,7Xt18HTHtRMODYNAMIC U A T A / / / ~ ~ X , ~ H P R E S S U ~ ~ T ~ X ,  

1 1 1 H T E M P E K A T U H t , 3 X 9 1 2 H M U L E C U L A R  w T , 5 X , ~ H S P ~ C I F I C , 6 X I 7 H M A C H  " 4 0 9  
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8 5  DO 96 J = 1, NSGNE 

FMSN = PLTN(FMSAUR(J)tFMSTAR#FMVtC,NTABLE) 

30 96 I = 1, 2 

X F I t L D ( I 9 J )  = X S A U t K ( J 1  
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Y F I E L D ( I 9 J )  = Y S A U t R ( J 1  

S F I E L D I I , J ) = S S A U ~ K ( J )  

T H E T A V ( I 9 J )  = T H t T A S t J )  

96 F M S F L D ( 1 , J )  = FMSN 

W R I T t  ( 6 9 6 1 1 1  

611 F O R M A T  ( l H l 1 7 X , 2 7 H P O A N T S  ON T H E  S T A R T I N G  L I N E / )  

I F  ( f M S A U K ( 1 )  - F M S A U R ( N S O N E 1 )  7 4 3 9  744, 743 

744 C O N T I h l U k  

F M S S € R  = P L T N ( f M S U E R ~ F M S T A K ~ F M V E C , N T A 6 L E )  

P S A U E R  = P L T N ( f M S U € R , P t F M V ~ C , N T A d L E )  

T S A U E R  = P L T N ( ~ M S U E R , l , f M V E C , ~ l A ~ L E )  

FMWS=PLTN(FMSUkK,FMWeFMVkC,NTABLE) 

GSAUER = P L T N ( f M S U E R , G A M M A , f M V E C , N T A B L E )  

C S A U t R  = SQRT~32.174*1546.336*GSAUER.TSAUER/FMWS) 

VSAUfrR = C S a U E R  * F M S U E K  

K H U  = 144.0  * P S A U E K  * FMWS / (1546.336 T S A U E R )  

W R I T t  ( 6 , 6 1 2 )  F M S U t R  

612 FCRMAT ( l H 0 , 2 1 X , l O H M A C H  NO. = , F 1 4 . 7 )  

W R I T E  (6 ,681 )  F M S S E R  

6 8 1  FORMAT ( 2 8 X , 4 H M +  = , f A 4 . 7 )  

W R I T t  ( 6 9 6 1 4 )  GSAUER 

614 FORMAT ( 1 1 X * Z l H S P E C I F I C  H E A T  f i A r I U  =,F14.7) 

W R I T t  ( 6 ~ 6 1 3 1  P S A U t K  

613 F O R H A T  ( 2 2 X , l O H P H E S S U R f  = ~ F 1 4 . 7 , 5 H  P S I A )  

k R I T E  ( 6 , 6 8 4 )  T S A U E R  
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' 684 FORMAT ( 1 9 X , 1 3 H T L H P E R A T U R E  = r F 1 4 . 7 . 9 H  DEGRkE R )  

W R I T E  (6,682) C S A U E R  

682 FORMAT ( l 6 X , 1 6 H S 0 h l C  V E L O C I T Y  = , F 1 4 * 7 t 7 H  F T / S E C )  

W R I T E  (6,683) VSAUER 

' 683 E O R H A T  ( 2 2 X , l O H V E L O C I T Y  = r F 1 4 . ? , 7 H  F T / S E C )  
t 

W R I T €  (6,689) R H U  

W R I T E  (6.685) FMWS 

685 FORMAT ( 1 4 X , 1 8 H M O L E C U L A R  W E I G H T  =,F14o7,12H L B M / L B - M O L E )  

W R I T € ( 6 t 9 9 9 ) S S A U E R ( l )  

W R I T E  (6,615) 

999 F O R M A T ( 2 1 X t 9 H E N T R O P Y  =~F14.7,16HBiU/LBo D f G R € €  K )  

615 FORMAT ( / / 1 H O ~ 1 B X , 1 H X ~ 1 1 X t 1 H Y , 9 X ~ 5 H T H E T A / l 7 X ~ 5 H ~ I N o ~ ~ 7 X ~ 5 H ~ I N o ~ ,  

1 S X ~ 9 H ( D E G R € E S ) / )  

00 32 J = 1, NSONt 

T H E T A S ( J 1  = T H t T A S ( J )  * 180. / P I  

W R I T E  (6.616) X S A U E R ( J 1 ,  Y S A U E R t J ) ,  T H E T A S ( J ) , S S A U E R ( J )  

~ 32 T H E T A S f J I  = T H t T A S 1 J )  P I  / 180. 

616 FORMAT ( 1 2 X , 5 F 1 2 . 7 )  

GG TO 747 1 
I 743 C O N T I N U E  

1 H K I T t  (6,61151 t 

6115  FORMAT ( 1 H 0 ~ 1 8 X , 1 H X ~ 1 1 X ~ l H Y ~ ~ X ~ 5 h T H t T A , 9 X I 1 H M  
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C 

C CALCULATE F i t L O  P G I N T S  

C 

R E k I N D  1 

R E W I N D  3 
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1 = 1  

I E X T  = 0 

ISHGCK = 0 

JLAST = 1 

KCHECK = 1 

L 1  = 1 

L2 = 1 

M = L  

NPRINT = 0 

NTOTAL = 0 

DO 13 J = 1 9  NCM 

13 NPTCM(J1 = 0 

NROW(1) = NSONE 

NROW(2) = NSONE 

NRGW(3) = NSONE - 1 

DO 78 J = 1 9  NSONE 

78  F M S F L D ( 3 . J )  = 0- 

4 5  JEND = hROW(2) - 1 

JK = (1/2)*2 - I + 1 

I F  ( ISHOCK -EQ. 0 )  GO TO 26 

J2 = J2 + JK 

J 3  = J 3  - JK + 1 

J L 1  = J L 1  + JK 

J 1 3  = J 1 3  + JK 

26 I 1  = JK 
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DO 20 J = 1, J E N O  

J 1  = J K  + J 

IF (FPSFLU(2,J+l) .EL). 00 .OH. F M S F L D  

X H  = XFIELD(2,J) 

YK = YFIELD(2,J) 

SSR=SFIELD(ZrJ) 

F M S R  = F M S F L D ( 2 t J )  

F M R  = P L T N ( F M S K , F M V E C , F M S T A R , N T A t j L E )  

THETAK = THETAV(2,J) 

XL = XFIELO(Z,J+l) 

Y L  = YFIELD(Z,J+l) 

SSL=SfIELO(Z,J+l) 

F M S L  = fMSFLD(Z,J+l) 

F M L =  P L T N ( F M S L , F M V E C , F M S T A R , N T A b L f i )  

THETAL = THETAV(Z,J+I) 

SP37-M 

2,J) . E Q m  0,) GO TO 1002 

IF (ISHGCK . G T .  U ,AND. J 1  .tQ. J 1 1  -ANDO I T E S T  mLTo 3 )  GO T O  321 

I F  ( X L  - X N L T H )  3 k 3 9  3 0 3 ,  3 2 L  

303 IF I X R  - X N L T H )  3 G 2 t  302, LOG2 

322 IF (J 1 )  302,  302, 1 0 0 2  

302 IF (YL) 5, 5 ,  10 

1 0  C A L L  C A S E l ( X R , Y R , F M R , T H E T A K , X L , Y L , Y L ~ F M L , T H € T A L ~  

1 N T A B L E , X ~ , Y Y , F M S N , T H E T A N , D ~ L T ~ , I C O U N T , S S N , S S L , S S ~ ~  

GO TU 306 

5 C A L L  C A S ~ ~ ( X K , Y K , F ~ ~ R , T H E T A R , ~ L , Y L ~ F M L , T H E T A L ~  

1 N T A ~ L E , X N I Y N , ~ M S N , T H € T A ~ * D ~ L T A , I C ~ U ~ T , S S N , S S L , S S R )  

L 6 
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306 FHN = PLTN(FMSNIFMVECIFHSTAR,NTABLE) 

IF (IS ,EO. 1) GO TO 79 

S A  = ( Y L - Y N ) / { X L - X N )  

X X T =  ( Y C - Y N + S A * X N - S B ~ X C ) / ( S A - S B )  

IF ( X N  - L T -  X X T )  GO TU 3200 

I 1  = I 1  + 1 

IF ( X L  - X X T  o G T o  1-E-05)  GO TO 7 1  

C 

C O B T A I N  NEW P O I N T  ON T H E  ROTATED NEW S T A R T I N G  L I N E  

C 

I S T A H T  = I S T A R T  + 1 

X S A U E R I I S T A R T )  = X X T  

S S A U E R ( I S T A R T ) = S S N  

Y S A U E R ( I S T A R T 1  = YN + S A  ( X X T -  XN) 

IF ( I  ,tu. 1 .Al\tD. J + l  .EQ. N S O N t I  Y S A U E R ( I S T A R T 1  = 0 ,  

T H E T A S (  I S T A R T )  = T H E T A L  + ( T H E T A N - T H E T A L  1 * ( X X T - X L  I / ( X N - X L  1 

FMS = FHSL + ( F M S N - F M S L I  * ( X X T - X L )  / ( X N - X L )  

f M S A U R ( I S T A R 1 )  = P L T N ( F M S ~ F M V E C p f M S T A R ~ N 1 A B L E I  

GO TO 7 1  

7 9  IF ( 1  o E Q e  1 ,OR* ISHOCK .GTo 0 OUR, KSHOCK .EO- 0 )  GO TO 3200 

C 

C T E S T  IF C H A R A C T t R I S T I C S  OF SAME k A M I L I E S  CROSS 

C 

XP = XFIELD(lrJ1) 

YP = Y F I E L D ( l ~ J 1 )  
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CALL T E S T ( X K , Y R , X L , Y L , X N , Y N T X P T Y P , I T € S T )  

I F  ( I T E S T  o t L ) .  1 )  GO TU 3 2 1  

3 2 0 0  I F  (IS .ELI. 9) GO T O  7 1  

W R I T E  ( 2 , 5 5 2 )  XU, Y K ,  Xk, YNgSShpSSR 

W R I T t  ( 2 , 5 5 2 )  X L ,  YL, XN, YNv,SSN,SSL 

CALL CMLINf(XR,Yk,FMK,XN,YN,~MN,~M,NPTCM,XCM,YCM) 

CALL C M L l N E ( X L , Y L , F M L , X h , Y N , F M N ~ C M , N P T C M , X C f i , Y C M )  

7 1  F M S F L D ( 3 , J l )  = FHSN 

1002 X F I E L D ( 3 , J l )  = XN 

Y F I E L D ( 3 , J l )  = Yh 

SF I E L D ( 3 ,  J 1  ) = S S h  

T H E T A V ( 3 , J L )  = THkTAIJ 

I N ( 3 , J l )  = I C O U h T  

D E L ( 3 , J l )  = DELrA 

GG TO 23 

C 

C CALCULATE POINT I ) E S C t l I B I b i G  T k E  St iOCK W A V E  

C 

3 2 1  CALL S H G C K I ( P , l , F M ~ , G A M K A ,  PCp NTAHLk,CSTAR,XFIELD, 

1 Y F I E L D ~ ~ M S ~ L D ~ T H E T A V ~ N ~ ~ W ~ J ~ J l ~ ~ ~ ~ J 3 ~ J l l ~ J l 3 ~ I ~ E S T ~ I S H U C K ~ X S H O ~ K ~  

2 Y S H O C K , F M S H C K , T S H O C K , X M U S H K 1 E P S )  

I F  ( J + 2  * G T o  NKUW(2) .OK. F M S F L U ( 2 , J + Z )  0 E Q o  0.) I T t S T  = 3 

I F  ( I T E S T  .EQ. 3 1  GU T O  24 

FMN = P L T N ( F M S k L D ( 3 ~ J l ) ~ k M V E C ~ F M 5 T A R ~ N T A B L E )  

CALL C M L I N E ( X R , Y K , ~ M K , X F I ~ L D ( ~ , J A ) , Y F I E L D ( ~ , J ~ ) , F M N , C M , N P T C M ,  
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I 

1 XCMrYCM) 

I N ( 3 , J l )  = I N ( 3 r J l )  + 1 2 0  

20 CONTINUE 

24 I F  ( 1  - (I/2)*2) 59, 5 9 ,  2100 

2 1 0 0  K = 0 

GO TO 2009 

5 9  NN = NROW13) 

IF (IS m E U o  0 -AND. I 1  o E Q o  ..N 

I F  ( I S  o E 4 .  0 )  GO TO 2009 

I F  IKCHECK .EQm 2 )  GO TO 3 1 3  

GO T O  0 

I F  ( F M S F L D ( Z t J E N O t 1 )  o E Q o  0.  o O K o  XL o G E o  XNLTH) GU TO 3 1 3  

CALL CASE3f XL,YL,FML,THETAL, XN,YN,FMSN,THETAN,NTABLE, 

1 DELTA,ICOUNTrSSN,SSL) 

SR = S Q R T ( ( X L - X h ) * + Z  t ( Y L - Y & ) + * 2 )  

I F  ( S R  ,LE, DMAX) GO TO 902 

CREATt NEW CHARACTERISTICS FROM THE A X I S  OF SYMMETRY 

00 903 KK = 1, 2 

NN = NROW(KK1 

X X ( K K )  = X F I E L D I K K , N N )  

Y Y ( K K I  = YFIELD(KK,NN)  

S S X ( K K ) = S F I E L D ( K K , N N )  
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903 XT(KK) = THETAVIKKINIV) 

CALL E X T R A 3  ( X X  ( Y Y  ,XM, X T  NTABLEtNROW,XFItLD,YFIELDT 

1 FMSFLD,ThETAV,UMAX,DEL, IN, IEXf ,GM1NPTCM,NPTCM,XCM,YC~tSSX)  

NN = N R O k ( 3 )  

GO TU 901 

902 WRITE ( 2 , 5 5 2 )  X L T  Y L t  XN, YNtSSN 

FMN = PLTN(FMSN,FMVEC,FMSTAR,NTA$LE) 

C A L L  C M L I N E ( X L , Y L ~ F M L , X N T Y N ~ I - M N , C M ~ N P T C M , X C M , Y C M )  

F M S F L D ( 3 , N h )  = F M S h  

313 XFIELD(39hN) = XN 

Y F I E L D ( 3 , N N )  = Y N  

SFI ELD( 3 , ”  )=SSIL 

THETAV(3 ,NN)  = THkTAFU 

I N ( 3 , N N )  = ICClUlvT 

DEL(3thUIL) = D E L T A  

YO1 IF (KCHECK .EQ. 2 ,AND. X . G T .  XNLTH) D E L ( 3 , N N )  = LUO. 

x = 0, 

X = Y t X I T  SQRT(FMNoFMN-1.) + XFIELD(3,NN) 

IF ( A  .GE, A N L  it XNLTH) K C H t L K  = 2 

911 K = 1 

2009 I = I + 1 

I F  ( I S  .EU. I)) b u  T O  74 
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C CONSTRUCT PORTIUNS OP STHEAHLINkS 

C 

C A L L  S T R E A M ~ X F I t L D v Y F I E L D , F M S F L O ~ T H E T A V ~ K ~ N S ~ N E ~ X S T ~ v Y S T K ~ T H S T R ~  

1 NTUTALvNROW) 

74 DO 2004 KK = 19 2 

NN = NROW(KK+l) 

N R O W I K K )  = N N  

I DO 2004 J = 19 NN 

XFIELD(KK,J) = XFIELOIKK+l,J) 

YfIELD(KKvJ1 = YFI€LD(KK+lvJ) 

FMSFLD(KK9J) = FMSFLD(KK+l,J) 

THETAV(KK,J) = THETAV(KK+l,J) 

SFIELO(KKtJ)=SFIELD(KK+lvJ) 

IN(KK,J) = IN(KK+l,J) 

DEL(KK,J) = DEL(KK+ltJ) 

1 IF ( K K  .NE, 2) GO T O  2004 
I 

FMSFLD(3,J) = 0 ,  

2004 CONTINUE 

IF ( I T E S T  ,NE, 3 )  GO TO 2 0 1 6  

I T E S T  = 4 

NROW13)  = J 1  - L 
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2 0 1 6  I F  ( I E X T  .ELI. 0) GO TO 2 0 1 4  

C 

C P K I h T  E X T R A  MESH POINTS CREATED UURING MESH SIZE COIJTROL PROCESS 

C 

REkIND 3 

00 2011 J = 1 9  I t X T  

KEA0 ( 3 )  X N t  Y h p  fMh, FMSN,  THETAN, IIvSSN 

NPRINT = NPRIhT + 1 

THETAN = 1 H t T A h  * 1812. / P I  

I F  (IVUPRINT - 52) 8219 8219 8 2 2  

8 2 2  NOEL = NPRINT - 5 3  - 5 6 * ( ( N P K I N T - b 2 ) / 5 6 )  

I F  INUEL) 821,  623 ,  8 2 1  

8 2 3  W R I T t  ( 6 , 6 8 6 )  

8 2 1  W R I T t  ( 6 , 6 6 9 )  X h r  YN, FMN, FMSN, THETAN, IIISSN 

2 0 1 1  CONTINUE 

6 8 6  FORMAT ( l t i l ,  

1 3 X ~ l H I ~ 2 X ~ 1 H J ~ 7 X ~ 1 H X , L O X , l H Y ~ l G ~ t l H M 1 1 O X t 2 H M * ~ 7 X t S ~ T H E T ~ ~ ~ X ~ l H T ~  

2 8 X ~ l H ~ , 8 X ~ l H V , 5 X ~ 7 H D E N S I T Y ~ ~ X ~ ~ H T O L E R A N C E ~ 2 X t 9 H I T E ~ A T I O N ~ 4 X ~ ~ H S /  

3 1 2 X t 5 H ( I N . ) ~ 6 X , 5 H I I N ~ ) ~ 2 8 X t S H ( D L G ) , 5 X , 7 H ~ O ~ G  R),2Xs 

4 6 H ~ P S I A ~ ~ 2 ~ ~ 8 H ~ F T / S t C ~ , 1 X I L O H ~ L b / C U - F T ~ r l 2 X t l 4 ~ ~ ~ l U / L ~ ~ D t G ~ R ) / / )  

6 6 9  FORMAT ( 7 X , f 1 2 . 7 t 3 F 1 1 . 7 , F 1 2 0 7 ~ 3 X ~ 2 8 H - - - - -  E X T R A  P u I N T  C K t A T t O  , 
1 29HWHILE C A L L I N G  SUSROUTINE C A S t p I l )  

I E X T  = 0 

R€hIND 3 

2014 I f  ( I  a t Q *  2 )  GO TU 2 0 1 5  
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C 

C PRINT MESH POIhiTS OF TH€ CHAHACTtRISTIC NETWORK 

C 

DO 2 0 1 2  E9 = L l ,  L 2  

NN = NRCWtM) 

I 1  = I - 2 + H  

DO 2 0 1 2  J = 1, NN 

I F  (FMSFLD(M,J )  * E O *  0-1 GO T O  2050 

I F M S N  = FMSFLO(H9J)  

S S R = S F I E L D I M I J )  

CALL PRCPTYIFMSN, T,FMW,GAMMA, 

1 RHUNvFMh,SSNrPC,PON) 

814 THETAV(M,J) = ThETAV(M9J)  180- / P I  

NPRINT = NPRINT + 1 

IF (1UPRINT - 5 2 )  811, 811, 812 

812 NOEL = NPRINT - 5 3  - 5 6 * 1 ( N P R I N T - 5 2 ) / 5 6 )  

I F  (NOEL)  811 ,  813, 811 

813 W R I T t  ( 6 , 6 8 6 )  

811 IF (IN(M,J) . G t -  120) GO T O  2 0 3 2  

IF ( I N ( M , J )  o G E o  60)  GO TO 2C13 

WRI TE ( 6 , 6 7 0 )  1 1  9 J, XF I ELD(M, J )  , YkIELD(M9 J )  9 FMNtfMSFLD( M,  J 1 9 

1 T H E T A V ( M , J ) , T N , P N , V N , R H U ~ , D ~ L ( M , J ) , I N ( M , J ) , S F I t L D ( M , J )  

GO TO 2018 I 
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I F  ( I T E S T  ,NE, 4 )  GO T O  2 0 1 8  

W R I T E  ( 6 , 6 1 2 3 )  

I T E S T  = 2 

6123 FORMAT ( l H O , l O X , 2 7 H E N O  Of  RIGHT INCLINED S H O C K / )  

GO T O  2 6 1 8  

2 0 1 3  I N ( M , J )  = I N ( M t J )  - 60 

WRITE ( 6 9 6 6 8 )  I L , J ~ X F I E L D ( M , J I ~ Y F I E L D [ M , J ) T F M N T F ~ S F ~ D ( M T J ) ~  

1 T H E T A V ( M ~ J ) T T ~ ~ P N ~ V ~ , R H U N ~ D ~ L ( M ~ J I , I N ( M , J ) ~ I N ( M , J ) ~ S F I E L D ( M ~ J )  

2018  THETAV(M9J)  = THETAV(M,J)  P I  / 1 8 0 .  

2050 I F  ( D E L ( M 9 J )  o G T ,  5001  W R I T E  ( 6 , 6 6 4 )  

2012 CONTINUt  

663 FORMAT ( 1 X ~ 2 I 3 ~ F 1 2 o ? ~ 3 F l 1 ~ 7 ( F 1 2 . 7 r F 9 , 1 , F R . 2 , F 9 ~ ~ ~ ~ ~ A o 6 ~ f ~ ~ o ? t  

1 5 X ~ F 1 1 . 7 , l H S )  

664 FORMAT (lHO~1OX~4OHCHARACTERISTIC CUT-OFF HAS BEEN tXECUTED/ )  

668  FORMAT ( 1 X ~ 2 I 3 ~ F l 2 ~ 7 ~ 3 F 1 1 ~ 7 , F 1 2 . 7 , f ~ ~ l ~ F 8 ~ ~ T F ~ ~ ~ ~ F l l ~ 6 ~ F l l ~ 7 ~  

1 I ~ ~ ~ X T ~ H E )  

6 7 0  FORMAT ~ 1 X ~ 2 I 3 ~ ~ 1 2 ~ 7 ~ 3 F 1 1 ~ 7 ~ F 1 2 . 7 , F 9 o l ~ F 8 o 2 , F 9 o l ~ F l l o 6 ~ ~ l l ~ 7 ~ I 7  

l , F l O o 5 )  

I F  (IS o E Q .  0 .AND, M O G T o  2) GO T O  82 

2015  IF ( M  . G T ,  2 )  GO T O  4 2  

I F  ( I  . G T .  ( 1 / 2 ) * 2 )  GO T O  4 5  

I F  ( F M S F L D ( 2 , l I  o E Q .  0.1 GO T O  40 

XL = X F I E L D ( 2 , l )  

YL = Y F I E L O ( ~ T ~ )  

SSL=SF I E L D  ( 2  T 1 )  
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S P 3 7 - H  

C A L L  CASE4(XL,YL,FML,THETAL,NGT(  X Y A L L t Y W A L L t R T t  

2 FHSN,THETA~,DELTA, ICOUNT,SSN,SSL)  

I f  (IS o E Q o  0) GO TO 905 

I F  ( S L  - L E o  O M A X )  GO TO 905 
I 

C 

C C R E A T E  NEW C H A R A C T E R I S T I C S  FROM THE N O Z Z L E  CONTOUR 

C 

DO 906 K K  = 1, 2 

906 X T f K K )  = T H E T A V ( K K , L )  

C A L L  E X T R A 4 ( X X , Y Y , X M , X T ,  N C T , X W A L L , Y W A L L , N T A b L E (  

1 R T , R N X l , X N l , R ~ X 2 ~ X N 2 , R P X 1 , X P L I H P X 2 ~ X P 2 , R P X 3 ~ X P 3 ~ N , I ~ ~ O W ~ X F I E L ~ ,  

2 Y F I E L O ~ F M S F L D ~ T H E T A V ~ O M A X ~ ~ t L ~ I N ~ I E X 1 , C M ~ N P T C M ~ X C ~ ~ Y C M ~  s s x  

1) 

JK. = I E X T  / 3 

J2 = J 2  + J K  

J3  = J 3  + J K  
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F O R T R A N  I V  P K O G R A M  L I S T I N G  OF SP37-M 

J11 = J11 + J K  

J13 = J L 3  + JK 

GO T O  904 

9 G 5  X F I E L D ( 3 , l )  = XIV 

Y F I E L D ( 3 , l )  = YFU 

S F I t L D { 3 , 1 ) = S S N  

f M S F L D ( 3 , l )  = FMSN 

T H E T A V 1 3 r l )  = T H E T A N  

I N ( 3 t 1 )  = I C O U N T  

D E L ( 3 t 1 )  = DELTA 

F M N  = P L T N ( F M S N t F M V E C , f M S T A ~ t N T A ~ L E )  

I f  ( I S  .EQo 1) C A L L  C M L I N E ( X L t Y L t F M L t X N t Y N t F t 4 N t C M t N P T C M t X C M t Y C M )  

IF (IS .EQ-  1 .OR. X N  . L T .  X C )  GO T O  11 

I F  ( J L A S T  ,tQ, 2 )  GO T O  29 

I F  ( A B S ( X N - X C )  . L t .  1.E-03 *AND-  A B S ( Y N - Y C )  - L E -  l e t - 0 3 )  GO TO 12 

S A  = ( Y L - Y N ) / ( X L - X N )  

X X T =  ( Y C - Y ~ + S A + X N - S D * X C ) / ( S A - S R )  

IF ( X L  .GE. X X T )  GO T O  12 

I S T A R T  = I S T A R T  + 1 

S S A U E R 1 I S T A R T ) = S S I V  

X S A U E K ( I S T 4 R T )  = X X T  

Y S A U E R ( 1 S T A K T )  = YN + S A  * ( K X T -  X N )  

T H E T A S ( l S T A R T 1  = T H E I ' A L  + ( T H E T A I d - T H E T A L )  + ( X X T - X L )  / ( X I % - X L )  

F M S  = FMSL + ( F M S N - F M S L I  * ( X X T - X L )  / ( X N - X L )  

F M S A U R ( 1 S T A K T )  = P L T N ( F M S t F M V E C t F M S T A R t f ' I T A 6 L E )  
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F O R T H A N  I V  PROGRAM L I S l I N G  O F  SP37-+l 

C 

c O B T A I N  THE TOP MOST P O I N T  ON T H E  K O T A T E O  NEW S T A R T I N G  L I N E  B Y  

C F A L S E  P O S I T I O N  METHOD 

I C  1 12 X L  = X F I E L D ( 1 , l )  

Y L  = Y F I E L D ( 1 , l )  

S S L = S F I E L D I l r l l  

F M S L  = F M S F L O ( l r 1 )  

F M L  = P L T N  ( F M S L ,  FMVECIFMSTAR,NTABLE 1 

T H E T A L  = T H E T A V I l v l )  

XR = X F I E L D ( 2 r l )  

YR = Y F I E L D ( 2 , l )  

S S R = S F I k L D ( 2 , 1 )  

FHSR = F M S F L D ( 2 t l )  

1 
I 

FMR P L T N ( F M S R , F M V E C p F M S T A R I N T A B L E )  

T H E T A R  = T H E T A V ( 2 . 1 1  
I 

I K  = 0 

8 1  XP = ( X L  + X R )  / 2. 

YP = ( Y L  + Y R )  / 2. 
1 

r S S P = ( S S L + S S R ) / Z .  

FHP = ( F R L  + F M R ) /  2. 
1 
I T H E T A P  = ( T H E T A L  + T H E T A R )  / 2. 

I K  = I K  + 1 

C A L L  C A S E 4 ( X P , Y P , F M P , T H f T A P , N C T ,  XWALL,YWALL,RT,  

1 N T A B L E , R N X l , X N l , R N X 2 , X ~ 2 , R P X l , X P l , R P X Z , X P 2 t ~ P X 3 , X P j ~ N , X ~ , Y N ,  
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F O R T R A N  I V  P R O G R A M  L I S T I N G  OF S P 3 7 - M  

2 F M S N , T H E T A N ~ D t L T A ~ I C O U N T , S S P )  

I F  ( A B S ( X C - X N )  . L T *  1.E-06 .bR. I K  oCE.  10) GO T O  7 7  

IF ( X N  . G T .  X C )  GO TU 80 

X L  = X P  

Y L  = Y P  

S S L = S S P  

f-ML = FMP 

T H E T A L  = T H t T A P  

GO T O  8 1  

80 XR = X P  

YR = Y P  

S S R = S S P  

F M R  = FMP 

T H E T A R  = T H t T A P  

GO TU 8 1  

7 7  I S T A R T  = I S T A K T  + 1 

X S A U E R ( I S T A R T 1  = X N  

Y S A U E K ( 1 S T A H T )  = YN 

S S A l J E R ( I S T A K T ) = S S N  

T H E T A S ( I S T A K T 1  = T H E T A N  

F M S A U K I I S T A R T ) =  P L T N / F M S N , F M V E C , ~ - M S T A R , N T A ~ L E )  

J L A S T  = 2 

2 9  I F  ( N R O k ( 3 )  .ED. 1 )  bCi TU 40 

G O  T O  4 5  

11 I F  ( I S  .EQ, 0 )  GO T O  45 
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I -  F O R T R A N  I V  PROGRAM L I S T I N G  OF SP37-f4 

I 

904 J L A S T  = J L A S T  + 1 

X C W A L L I J L A S T )  = X F I E L D L 3 , l )  

I 
I 

F M W A L L ( J L A S 1 )  = PLTN(FMSFLD(3,1),FMVEC,FMSTAR,NTA8Lt) 

I P W A L L t J L A S T I  = PLTk(FMSFLD(3,llrP,FMSlAR,NTA~L€) 

IF ( X F I E L D ( 3 r l )  o L T o  X N L T H )  GO TO 45 

i 40 L1 = 2 

L 2  = 3 

GO TO 2016 

L , 42 X C W A L L ( 1 )  = X S A U E R ( 1 )  

I Y C W A L L ( 1 )  = Y S A U E R ( 1 )  

S S C U A L  1 1 =SSAUER ( 1) 

f M W A L L ( 1 )  = F M S A U R ( 1 )  I 

PWALLI1)  = PLThI(FMWALL(ll,P~FMVkC~NlA%LE) 

C A L L  P E R F O R ( X S A U E R ~ Y S A U E R ~ ~ M S A U K , T ~ E T A S ~ X C W A L L ~ Y C W A L L ~ P U A L L ,  

1 PIT,GAHMA,FMW, N T A B L E , k S O N E ,  J L A S T ,  N, P A V P C ,  R T ,  X N L T H I Y E X I T  1 

1 WRITE ( 2 , 5 5 2 )  X h ,  YN, XN, Y N t S S N  

t IF ( I S H O C K  o E Q o  0 )  GO TO 14 

W R I T E  ( 6 , 6 7 7 )  

677 FORMAT ( l H L , l O X , 2 7 H P O I N T S  ALONG THE SHOCK W A V E / / Z O X , l H X , 1 5 X , l H Y ,  

1 L3X,5HTHETA~13X,2HM*,8X~ll~S~OCK A N G L E , S X , l 3 H D E N S I T Y  R A T I O ,  

~ ~ X I ~ H E N T R O P Y /  

2 1 8 X ~ S H ~ I N o ~ ~ 1 1 X ~ 5 H ~ I N ~ ~ ~ l l X ~ 5 H ~ D E G ) , 2 6 X ~ S H ~ D E G ~  
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4 , 2 3 X 9 1 4 H ( B T U / L B . O E G . K ) / )  

00 5 1  I = 1, I S h L l C K  

T S H O C K f I I  = T S H U C K ( I 1  180. / P I  

X M U S H K I I )  = X M U S t i K ( I 1  1110. / P I  

57 W R I T E  ( 6 9 6 7 8 )  A S t l O C K ( I ) ,  Y S H U C K ( I ) ,  T S W O C K ( I ) r  C - M S H L ) K ( I ) ?  

1 X M U S H K ( I 1 ,  E P S ( I ) , S S H O C K ( I )  

678 FORMAT ( l H O ~ l O X , 7 € 1 6 ~ 8 1  

C 

C W R I T E  ALL I N F O R M A T I O N  ABOUT F I E L D  P O I N T S  AND S T R E A M L I N E S  ON 

C T A P E  2 T O  F E t D  T H E  SC-4020 P L O T T L K  

C 

14 W R I T E  ( 2 9 2 7 6 )  J L A S T ,  ( X C W A L L ( J ) r  Y C W A L L ( J ) r  J = 1 9  J L A S T )  

W R I T k  ( 2 , 5 5 3 )  N T U T A L  

R E k I N D  1 

N P O I N T  = 0 

244 K E A 0  ( 1 )  XL, Y L ?  X R ,  YR 

W R I T E  ( 2 9 5 5 2 )  X L ,  Y L 9  X H ,  YR 

N P O I N T  = NPOlrdT + 1 

I F  ( N P O I N T  - N T U T A L )  244, 245, 245 

C 

C SORT P O I N T S  ON L A C H  OF THE C U N S T A N T  MACH N U M b E R  L I N t S  IN 

C D E C E N D I N C  ORDER ALUNG T H E  Y - A X I S  A N D  W H I T E  ON T A P E  2 

C 

245 N C P  = NCM 

00 17 I = 1,  NCM 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S P 3 7 - M  

I F  ( N P T C M ( 1 )  .LEo 1)  N C P  = NCM - 1 

17 C O N T I N U E  

W R I T k  (2 ,5531  N C P  

W R I T E  16,631) N C P  

631 FORMAT ( l H l , S X , 3 3 H C A L C U L A T E D  POINTS ON E A C H  OF THE ~ 1 2 ,  

1 39H COlvSTANT PROPERTY L I N E S  A R €  AS F O L L O W S / )  

ICP = 0 

DO 15 I = 1, NCM 

I F  ( N P T C M ( 1 )  ,LEo 1 )  GO TO 15 

N P T  = N P T C M ( 1 )  

NHCNE N P T  - 1 

DO 16 J = 1, NMGNE 

NN = N P T  - J + 1 

DO 16 K = 29 Nhl 

IF ( Y C M ( I , K )  . L E ,  Y C M l I V K - 1 ) )  GO TO 16 

TEMP = X C M ( I , K )  

X C M ( I , K )  = X C M ( 1 r K - 1 )  

X C M ( 1 . K - 1 )  = T E M P  

TEMP = Y C H ( 1 , K )  

Y C M ( 1 , K )  = Y C M ( I , K - 1 )  

Y C M l I r K - 1 )  = T E M P  

16 CONTINUE 

W R I T k  ( 2 , 2 7 6 )  NPT, ( X C M ( I t I 0 t  Y C M ( I r K ) ,  K = 1, N P r )  

F M S C P  = PLTN(CM(I),FHSTAR,FMVEC,IITABLE) 

ALPHA = ATAN(SOKT(Lo/(CM(1)'CM(I)-lo))) 1800 / 3oA415926536 
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T C P  = P L T N ( C M ( I ) , T , F M V E C , N T 4 ~ L E )  

PCP = P L T ~ ( C M ( 1 ) t P t F M V t C t N T A d L t )  

GCP = PLrN(CM(  I I pGAMMA,FMVECvhTA8LE) 

FMWCP = P L T N ( C M (  I) ,FMW,FMVEC,NTA~LE) 

C C P  = S d K T ( 3 L 0 1 7 4 * 1 5 4 6 0 3 3 6 * ~ ~ P * J C ~ / F M ~ C P )  

V C P  = C C P  * C U ( I )  

RHU = 144 .  * P C P  * FMWCP / 11546 .336  * TCP) 

ICP = I C P  + 1 

WRITE ( 6 , 6 3 2 )  ICPvCM(I1 p F M S C P p A L I " A , T C P t P C P , G C P , F M W L P , V C P t R H U  

632 FORKAT ( / / / / 7 X , 1 2 , 2 H .  p37HPOlhTS ON THE CUNSTANT PRUPERJY LIfuE 9 

1 ~ H N I T H / / Z O X ~ ~ I ~ M A C H  NUMHEK = , F l L o 5 , 2 C X , 2 3 H R E F E R t N C E  M A C H  NUMHER = )  

2 F1205/21Xpl2HMACH ANGLE =tFl2.5pdH DEGKEES,22X,13HTEMPERATU&E =, 

3 F12.5V9H DEGRt t  K /23X, l f iHPRtSSUkk  = v F L Z o 5 9 5 H  P S I A t L 6 X ,  

4 22HSPECIhIC H t A r S  R A T I O  =,k1205/15Xp18HMOLECULAR WEIGHT =,F12059 

5 12H L B M / L O - Y O L t , L l X , l O H V E L U i l T Y  = t F 1 2 0 5 , 7 H  F T / S E C / L ~ X ~ ~ H D E N S I T Y  = 

6 F l Z o 5 , l O H  LBF ' /CU- I -T / / )  

N3 = 0 

9 5 2  N 1  = N3 t 1 

DO 9 5 1  J = h l r  hI'T 

N3 = N 1  t 1 

I F  (N3 . G T .  N P T )  lu3 = NPT 

W H I T E  ( b r 6 3 3 )  ( A L M ( I , J ) ~ J = N ~ ~ N ~ )  

6 3 3  FORMAT ( 1 L X v 3 H X  =r8Fl2-5) 

W R I T E  ( 6 , 6 3 4 )  ( Y i M I I , J ) r J = N l , N 3 )  

6 3 4  FORMAT (11Xp3HY =,BF12.5 / )  
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FORTRAN I V  PROGRAM L I S l I N G  OF SP37-H 

15 COKTINUE 

WRITE ( 6 , 6 2 2 )  
1 

I 622 FORMAT ( / / / / / /25X,25H******  END OF CASE ******I 

I F I N 3 . L T . N P T )  GO TO 9 5 2  

I 951 CONTINUf  

I F  (NCASE - NDATA) 7 5 1 1  7 5 2 ,  7 5 2  

751  NCASE = NCASE + 1 

GO TO 93 

r 7 5 2  CONTINUE 

I R E W I N D  2 

CALL E X I T  

I C  

I C SORT POINTS ON THE ROTATED NtW STARTING L I N E  I N  DECENDING 

I C ORDER ALONG THE Y - A X I S  

C 

82 NSONE = ISTART 

NMONE = hS(3NE - 1 
DO 84 I = 1, NMOFIE 

NN = NSONE - I + 1 

DO 84 J = 2, NN 
I 

I F  (YSAUER(J1 .LE. Y S A U € K ( J - l ) )  GO 10 84 

TEMP = XSAUER(J)  

XSAUER(J)  = X S A U t R ( J - 1 )  

XSAUER(J-1) = TEMP 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF SP37-M 

TEMP = YSAUER(J1 

Y S A L t H ( J 1  = YSAUtR(J -1 )  

YSAUtR(J -1 )  = TEMP 

TtPP=SSAUkR( J )  

SSALER(J )=SSAUEK(J- i )  

SSAUER( J - L ) = T t M P  

TEMP = I H E T A S ( J 1  

THETASIJ )  = THkTAS(J-1)  

THETASlJ-1)  = TkMP 

TEMP = f-MSAclF?(J) 

FMSAUR(J1 = FMSAUKtJ-1)  

FMSAURIJ-1) = TkMP 

84 CONTINUE 

I S  = 1 

GO TU 85 

END 

84 
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FORTRAN I V  PKOGRAM L I S T I N G  OF SUBROUTINE CASE 1 

C 

C SUBROUTINE TO CALCULATE A NEh F I E L D  POINT WITH B O l H  I N P U l  POINTS 

C LOCATED I N  THE CENTER F I E L D  

C 

SUBROUTINE C A S E l ( X % R , Y Y R t F F M K ~ T H t T A P , X X L , Y Y L , F F M L ~ T H € T A Q ,  

1 hI IABLE,XN,YN~FMSN,THETAN~UELTA~ICOUNT rSSNtSSL,SSR) 

COMMON FMVECtFMSTAR 

COMMON/kAYN/ FMWtGAHMA 

DIHENSION FMW(BO),GAMMA(BO) 

DIMENSION F M V E C ( 8 0 ) r  FMSTARfBO) 

TAN(X)  = S I N ( X ) / C O S ( X )  

ICOUNT = 1 

DELT = 0- 

XR = XXR 

YR = Y Y R  

FMR = FFHR 

THETAR = THETAP 

X L  = X X L  

YL = Y Y L  

F M L  = FFML 

THETAL = THETAO 

IF (FHL ,GT, 1.0 ,OR. F M R  .GT. 1.0) GO TO 103 

WRITE (6 ,6661  X R t  YR, FMK, X L t  YL, FMLeSSRtSSL 

666 FORMAT (lHl, lOX,46HEHROR MESSAGE, EITHER FHR OR FML IS LESS THAPd 

1 3 H L I N E / / l l X ~ B F 1 2 * 7 )  
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GO T O  801 

103 FMSL = P L T N t f M L I f M S T A R t F M V E C t N T A ~ L E )  

FMSR = P L T N ( F M R t F M S T A R t F M V E C t N T A t i L E )  

ALPtiAL = ATAN(SUHT(lo/(FML*FML-l.)))) 

ALPHAR = A T A ~ ( S U H T ( l * / ( F M R * F M R - A o ) ) )  

FLAMDL = T A N (  THtTAL+#LPMAL 1 

FLAMOR = TAN(THE1AH-ALPHAR) 

HL = l * / ( T A N ( A L P H A L ) * F H S L )  

HR = l , / (TAN(ALPHAR)*FMSR)  

BETAL = S I N ( T H E T A L ) * S I N ( A L P H A L ) / ( Y L * S I N ( T H E T A L + A ~ P H A L ) )  

BETAR = S I N ( T H E T A R ) ~ S I N ( A L P H A R ) ~ ( Y R * C O S ( T H E T A R - A L P ~ ~ K ) )  

XN=((FLAMDR*XR-t-LAMDL*XL)+YL-YR)/(FLAMDR-FLAMDL) 

YN = YL - FLAMDL+(XL-Xh) 

GL=PLTN(FMSL,GAMMA,FMSTAR~NTA6LE) 

FMWL=PLTN(FMSLvFMW,FMSTAR,NTAflLk) 

W L = ( S I N ( A L P H A L ) * C U S ( A L P H A L ) ) / ( l S ~ 6 o 3 3 6 / ( F M W L * 7 7 ~ o ) * ~ L )  

G R = P L T N ( F M S R ~ G A M M A , F M S T A R , N T A t 3 L E )  

F M ~ R - P L T N I F M S R I F M k t F M S l A R t ~ T A ~ L t )  

W R = ( S I N ( A L P H A R ) * C O S ( A L P H A H ) ) / ( l 5 4 6 o 3 3 6 / ( f ~ U R 4 7 7 8 o ) 4 ~ ~ )  

XETAL=SIN IALPHAL) /COS ( T H t l A L + A L P H A L )  

XETAR=SIN (ALPHAR)/COS (THtTAR-ALPHAR) 

D N = ( ( X N - X R ) * S I N  (ALPHAK) ) /CUS (THETAR-ALPHAR) 

DW =(SSR-SSL)/((XN-XL)*XkTAL+(XN-XR)*XETAR) 

SSN=SSR-OW*DN 

FMSN = ( T H E T A K - T t i E T A L + H L * F M ~ L t H ~ * F M S R - B E T A R . ( X R o X ~ ) - B E T A L * ( Y L ~ Y ~  
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE CASE 1 

I F  (FMSN .GT. 1.0) GO T O  3 0  

I F  (FMSR .GT. FMSL) GO TO 3 1  

FMSN = FMSL 

THETAN = THETAL 

GO TO 30 

FMSR 

= THETAR 

N .GT. FI 

3 1  FMSR = 

THETAN 

30 I F  (FM RlNTABLE)  . K. FM N .LE. 0 0 104 

FNN = PLTN(FMSN~FMVECIFMSTARINTABLE)  

ALPHAN = ATAN(SQRT(l./(FMN*FMN-l.))) 

FLAMN = TAN(THETAN+ALPHAN) 

FLAMNP= TAN(THE1AN-ALPHAN) 

HN = l r / (TAN(ALPHAN)+FMSN)  

BETAN = SIN(THETAN)*SIN(ALPHANI/(YN*SIN(THETAN+ALPHAN)) 

BETANP= S I N ( T H f T A N ) + S I N ( A L P H A N ) / ( Y N * C O S ( T H E T A N - A L P H ~ N ) )  

FLACRN = (FLAMDR + FLAMNP)/2. 

FLAPLN = (FLAMDL + FLAMh)/2.  

H l N  ( h L  + HN)/2. 

HRN = (HR + HNI /2 .  

BETARN = (BETAR + f3ETANP)/2. 

BETALN = (RETAL + BETAN)/Z. 

XN = ((FLAMRN+XK-FLAMLN+XL)+YL-YK)/(FLAMRN-FLAMRN-FLAMLN) 

YN = YL - FLAMLN*(XL-XN) 
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XETAIU=SIN (ALPHAN)/COS (THETANtALPHAN) 

XETAhP=SIN (ALPHAN)/COS (THETAN-ALPHANI 

XETANL=(XETAL+XLTAN)/2.  

X E T A ~ K = ( X E T A R + X t T A N P ) / 2 .  

G N = P L T N ( F M S N t G A M M A q F M S T A K f N T A B L t )  

F M W h = P L T N ( F M S N , ~ M k t f M S T A ~ t N T A B L € )  

WN=(S IN  (ALPHAN)*COS I A L P H A N ) ) / ( 1 5 4 6 . 3 3 6 / ( F M W N ~ 7 7 8 . ) + G N )  

WLN=( WL+WhU)/Zo 

WRN=(WR+WN)/Zo 

DNN=(XN-XR)*XETAhR 

DWh= (SSR-SSL) / (  ( X N - X L ) + X E T A N L + ( X N - X K ) + X E T A N R )  

SSK=SSR-DWN+DNh 

FMSN = ( T H E T A R - T H E T A L + H L ~ * F M S L + H ~ N * F M S R - 6 E ~ A R N ~ ( X R - ~ ~ ) - ~ ~ T A L N ~  

1 ( Y L - Y N ) ) / ( H L N + H K N ) + ( W ~ N ~ ( S S " , ( S S L - S S N ) ) / ( ~ L N + H ~ N )  

THtTA = T H E T A L - H L N * I F M S L - F M S ~ ) + ~ ~ T A L N * ( Y L - Y N ) - W L N * ( ~ S L - S S N )  

DELTA = THETA - THETAN 

I F  ( A B S ( D E L T A 1  .LE. 1.E-07) G O  TU 10 

I F  (1COC;kT .LE. 1 )  GO T O  60 

I F  (ABS(DELTA1 . G t o  A B S ( D t L T ) I  GO TO 70 

60 X T  = XN 

Y T  = YN 

SST=SSN 

THETAT = THETAN 

FMSNT = FMSN 

DELT = DELTA 
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FORTRAN I V  PROGRAM LISTING OF SUBROUTINE CASE 1 

70 THETAN = THETA 

I F  (ICOUNT .GE. 5 0 )  GO TO 104 

ICOUNT = ICUUNT t 1 

GO TU 30 

104 XN = X T  

YN = YT 

SSN=SST 

THETAN = THETAT 

FMSN = FMSNT 

DELTA = DEL1 

10 RETURN 

801 CALL DUMP 

END 
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c S U B R O U T I N E  TU C A L C U L A I E  A Ntvv FILL[) P O I N T  W I T H  O N t  dF T t i t  I N P U T  

C P i l I h T S  CN THC A X I S  O F  S Y M M E T R Y  

1 hTAHLk , X i ~ , Y N , ~ M S N , T H t T A N , ~ t L T A ,  I C O U N T  9 SSN,  SSL 

CGPPUN I - K V E C  9 k P 3  T A K  

CUMMbN/kAYN/ k M W , G A P M A  

D I P E N S I L N  F M W ( 8 O ) , G A M M A ( H O )  

D I M E N S I O N  F P V t  C I t i O )  9 F M S T A K ( U \ ; )  

T A k ( X )  = SIN(X)/LOS(X) 

I C C U N T  = 1 

D t L T  = 0. 

X R  = XXK 

Y R  = Y Y R  

F M K  = F k M K  

T H t l A K  = r H t T A P  

XL = X X L  

YL = YYL 

FML = F C M L  

T H E T A L  = T H L - T A L  

IF ( F M L  A T .  1.0 .UR. F M R  .GL 1.0) GO TU 103 

l J l i I T L  ( 6 , 6 6 6 1  X K ,  Y K t  F M K ?  A L ,  Y L t  F M L v S S R t S S L  

6 6 6  F O R M A T  [lHL,lOX,+6HEKROK M t S b A G t ,  E I T t i l F R  F M R  O R  F M L  I 

1 3HONE//llX,8F11.7) 
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTIN€ CASE 2 

GO TO 802  

103 FMSL = PLTN(FML,FMSTAR,FMVEC,NTABLE) 

F M S R  = P L T N ( F M R , ~ M S T A R I ~ - M V E C , N T A B L E )  

ALPHAL = ATAN(S4KT(lo/(FML*FML-lo))) 

ALPHAK = A T A N ( S ~ R T ( l . / ( F M R * F M R - l o ) ) )  

FLAMDL = TAN(ALPtiAL1 

FLAMDR = TAN(THkTAR-ALPHAR) 

BETAR = S I N  ( T H E T A R ) * S I N  (ALPHAR)/ (YR*COS (THETAR-ALPHAK)) 

HL = l o / ( T A ~ ( A L P H A L ) * F M S L )  

HR = 1. / (TAN ( ALPHAR 1 *FMSR) 

XN = ( Y R + F L A M D L * X L - F L A M D R * X R ) / ( F L A n D R )  

YN = FLAMDL*(XN-XL) 

GL=PLTN(FMSLfGAMMA,FMSTAR,NTABLt) 

FMWL=PLTN(FMSL,FMW,FMSTAR~! lTAl3L€)  

W L = ( S I N ( A L P H A L ) * C C S ( A L P H A L ) ) / ( l 5 4 6 o 3 3 6 / ( F ~ W L * 7 7 8 . ) * t i L )  I 

GR=PLTIY( FMSR,GAMMA, FMSTAH, NTABLE 1 

FHWR=PLTN(FMSR,FMWpFMSTAR,NTA6Lt) 

W R = ( S I N ( A L P H A R ) * C O S ( A L P H A R ) ) / ( l 5 4 6 . 3 3 6 / ( F M W R * 7 7 & . ) ~ ~ R )  

XETAL=SIN (ALPHAL)/COS (ALPHALI 

XETAR=SIh (ALPHAR)/COS (THtTAR-ALPHAR) I 

DN=((XN-XR)*SIN (ALPHAR)) /CUS (THETAS-ALPHAK) ~ 

~ 

DIJ = ( S S K - S S L ) / ( I ~ N - X L ) + X E T A L + ( X N - X R ) t X E T A R I  

SSN=SSR-DW*DN I 

F M S N  = ( 2 0 * T ~ E T A K + H L * F M S L + 2 0 * H R * ~ M S R + 2 0 * 8 E J A ~ * ( X N - X K ) ) / ( H L + 2 . * H K )  
I 

I+ t (SSL-SSN) .WL+Zo*WK*(SSR-SSN)  l / ( H L + 2 o * H R )  i 
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE C A S E  2 

THETAN = HL*(FMSW-FMSL)/2.-WL*(SSL-SSN)/2. 

I F  (FMSh ,GT. 1.0) GO T O  30  

I F  LFMSH .GT .  FMSL) GO TO 3 1  

FMSh = FMSL 

THkTAN = THtTAL  

GO TL; 30 

3 1  F M S h  = FMSR 

THETAN = THETAR 

30 I F  lFMSh o G T .  FMSTAR(NTAtlLE1 .OK* FMSN .LEO 1.1 GO TO 104 

FMh = P L T t I ( F M S N ~ f M V E C p F M S T A R , N T A b L € )  

ALPHAN = A T A N ( S ~ K T ( l . / ( F M N I F M N - l o ) ) )  

FLAMrV = TAN(THETAh+ALPHAN) 

FLAMhrPz TAN(THE1AN-ALPHA&) 

HN = l . / ( T A ~ ( A L P H A ~ ) + F M S N )  

6ETAK = SIN(fHElAN)*SIN(ALPHAN)/(YN*SIN(THETAN+ALPH~h)) 

BETANP= S I N ( T H E T A N ) ~ S I N ( A L P H ~ ~ ) / ( Y N I C G S ( T H E T A N - A L P H A N ) )  

FLAEnLhi = (FLAPEL + FLAMN)/2. 

FLAPRN = (FLAMDK + FLAMRP)/2.  

HLN = ( h L  t H R ) / 2 ,  

HRN = (hR t Hh! ) /2 .  

BETALh = (THETAN/YN + BETAN) / 2. 

BETAKN = (BETAK + BETANP)/Z. 

XN = (YH+FLAMLN*AL-FLAMRN+XA 1 / ( FLAMLN-FLAMRN 1 

YN = FLAMLN*(Xk-XL) 

XETAN=SIN (ALPHAN)/COS (THETAN+ALPHAN) 
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE CASE 2 

XETANP=SIN (ALPHAN)/COS (THETAN-ALPHAN) 

X E T A ~ L = ( X E T A L + X € T A N ) / Z O  

X E T A N R = ( X E T A R + X E T A N P ) / 2 -  

GN=PLTN(FMSNeGAMMA,fMSTAR,NTABLE) 

FMWN=PLTN(FMSNIFMW,FMSTAReNTA~LE) 

W N = ( S I N  (ALDHAN)+COS (ALPHAN1)/(1546,336/(FMWN*776.)*GN) 

WLN=(WL+WN)/2- 

WRN=(WR+WN)/2. 

DhN=(XN-XRI+XETANR 

OWN= (SSR-SSL) / (  (XN-XL)*XETANL+(XN-XR)*XETANRl 

SSNzSSR-DWN*DNN 

FMSN = ( T H E T A R + H L N * F M S L + H K N * ~ M S K - B E T A R N * ( X R - X N ) + ~ E T A L N ~ Y ~ ) /  

1 ( H L N + H R N ) + ( W R N * ( S S R - S S N ) + ~ L ~ + ( S S N ) ) / { H L N + H R N )  

THETA = HLN*(FMSN-FMSL) - BETALk+YN-WLN*(SSL-SSN) 

DELTA = THETA - THETAN 

I F  ( A B S ( 0 E L T A I  .LE, 1-E-07) GO TC, 10 

I F  ( ICOUNT .LE. 1 )  GO TO 60 

IF ( A B S ( D t L T A 1  ,GE- A B S ( D E L f ) )  GO TO 70 

60 XT = XN 

Y T  = YN 

S S T = S S N  

THETAT = THETA& 

FMShT = FMSN 

OELT = DELTA 

70 THETAN = THETA 
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FORTRAN I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  C A S E  2 

I 

I F  (ICOUNT .GE. 50) GO T O  104 

ICOUNT = ICOUNT + 1 

GO TG 30  

104 XN = XT 

YN = VT 

S S N = S S T  

T H E T A N  = T H E T A T  

FMSN = FFASNT 

D E L T A  = D E L T  

10 R E T U R N  

802 C A L L  DUMP 

END 



~~ - ~ 

F O R T R A N  I V  PROGRAM L I S T I N G  O F  S U B R O U T I N E  C A S E  3 

C 

C S U B R O U T I N E  T O  C A L C U L A T E  A NElrl P O I N T  ON THE A X I S  O F  SVHMETRV 

C 

S U E R O U T I N E  C A S E 3 ( X K t Y R t F M R , T H E T A K 1  

1 N T A B L E , D E L M N , I C ~ U N T t S S N t S S ~ )  

C O B P U N  F M V E C t F M S T A R t S F I E L D  

COHPON/WAYN/  F M k r G A M M A  

XN, Y Nt f M SN , T H E T A N t  

COMPON / X J R /  NSONE 

D I M E N S I O N  F M W ( t i O l t G A M M A ( 8 0 )  

D I M E N S I C N  F M V E C ( 8 0 1 ,  F M S T A R ( 8 0 )  , S F I E L 0 ( 3 , 6 0 )  

T A N ( X )  = S I N ( X ) / C O S ( X )  

ICOUl \ rT  = 1 

O E L T  = O m  

Y N  = 0 -  

T H E T A N  = O m  

I F  ( F M R  .GT. 1-01 GO TO 32 

W R I T E  (6,6661 X R t  YRp F M H s S S K  

666 FORMAT ( 1 H l ~ 1 O X ~ 3 5 H E K R O R  MESSAGE, FMR I S  L E S S  THAN LINE/ /  

1 l l X t 4 F 1 2 . 7 )  

GO TU 803 

32 F M S R  = PLTN(FMRtFMSTAR,FMVECtNTAEiL€)  

A L P H A R  = A T A N ( S & R T ( l m / ( F M R + F M R - l m ) ) )  

F L A M O R  = T A N ( 1 H t T A A - A L P H A R )  

HR = l . / ( T A N ( A L P H A K ) + F M S R )  

b E T A R  = S I N ( T H E T A R ) + S I N ( A L P H A R ) / ( Y R * C ~ S ( ~ H E T A R - A L ~ H A R ) )  
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F O R T R A N  I V  PROGRAM LISTING OF S U B R O U T I N k  C A S E  3 

XN = XH - Y K I F L A M C R  

G R = P L T N ( F M S K * G A M M A , F M S T A R t N T A ~ L t )  

F M W H = P L T N ( F M S H , F M W ~ F M S T A R , N T A B L E I  

WK=(SIN ( A L P H A K ) * C O S  (ALPHAR1)/(1546*336/(FMWR*778o)*GR) 

SSFu=SF I E L 0  ( L r NSCivE 1 

~ M S h = ( T H E T A ~ + H K + ~ M S R + ~ E T A ~ * ( X N - X K ) ) / H R + W R ~ ( ~ S R - S S ~ ) / H R  

3 0  IF ( E M S N  O G T .  F M S T A K ( N T A B L E 1  .Of<* F M S N  .LE. 1 . )  GO TO 104 

FMA = P L T N ( F M S h , f M V E C t F M S T A R , N T A t 3 L E )  

A L P H A N  = A T A N ( S U K T ( L o / ( F M N + F M N - l . ) ) )  

F L A M N P  = T A N ( T H t T A N - A L P H A N )  

HN = l , / ( T A h ( A L D H A N ) * F M S N )  

F L A P K N  = ( F L A M D k  + F L A M N P ) / 2 .  

HRN = ( H K  + H N ) / Z .  

BETAEL = T A N (  A L P ' h A N )  * T H E T A K / Y K  

B E T A K N  = ( B E T A K  + BETAN)/Z. 

XN = XR - Y R / F L A M R N  
G N = P L T N ( F M S N , G A M M A , F ~ S T A R , N T A B L ~ ~  

FMhh=PLTN(FMSN,FMh,FMSTAR,NTABL€l 

W N = ( S I N  ( A L P H k h ) * C O S  (ALPHAN))/(i546.336/(FMWN*778.)*GN) 

WRN=(WR+WN) /2, 

S S h = S F I E L O (  L,NSUFUt) 

F M S I U S = ( ( T H E T A R + t 1 K N + F M S K + H E T A K N + ( X N - X R ) ) / H R N ) + W R N * ( S ~ R - S S ~ U / H R ~  

DELYh = FMSfVS - f -HSN 

IF ( A B S ( D t L M N 1  . L E ,  i.f-07) GU 10 10 

It- ( I C O U N T  . L E .  11 GO T O  60 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  CASE 3 

I F  ( A t l S ( D E L M N )  ,GE, A B S ( D E L T 1 1  GO TO 70 

60 XT = XN 

YT = YN 

S S T = S S N  

T H E T A T  = THETAN 

FMShiT = FMSh 

O E L T  = O E L H N  

70 FMSk; = FMSNS 

I F  [ I C O U N T  .GE, 50) GO T O  104 

I C O U N T  = I C O U N T  + 1 

GO 10 3 0  

104 XN = X T  

YN = YT 

SSN=SST 

T H E T A N  = T H k T A l  

F M S N  = FMSNT 

DELMni = D E L T  

10 R E T U R N  

803 C A L L  DUMP 

END 
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F O R T R A N  1 V  P R O G R A M  L I S T I N G  O F  S U B R O U T I N E  C A S E  4 

C 

C S U B R O U T l N t  T O  C A L C U L A T E  A N t w  P L l l t V T  O N  T H E  N O Z Z L E  CLINTOU~ 

C O P K O N  F M V E C , F M S T A K f S F I t L D  

C O M M U N / h A Y N /  FMWVGAMMA 

D I P t N S I O N  F M W ( 8 0 ) , G A M M A ( 8 0 )  

D I P t N S I O N  F M V E C ( d O ) ,  F M S T A R ( d 0 ) t  X C ( Z S O ) ,  Y C ( 2 5 0 I p  k M T R I X ( 8 p 9 )  

1 9  SF I E L D ( 3 t  60 1 

T A N ( X )  = S I N ( X ) / C U S ( X )  

N P 1  = N + 1 

NP2 = N + 2 

I C C U N T  = 1 

F M S h T  = 50.0 

IF ( F M L  . G T o  1 . C )  GU T U  102 

W R I T E  ( 6 9 6 6 6 )  XL, YL, F M L , S S L  

666 F O R M A T  ( l H l r l O X ~ 3 5 H E R R U R  M E S S A G E ,  FML IS L E S S  T H A N  U h E / /  

1 11X,4F12.7)  

GO T U  804 

102 A L P H A L  = A T A N ( S G t ~ T ( l o / ( f M L + f M L - l o ) ) )  

B E T A L  = SIN(TH€TAL)*SIN(ALPHAL)/[YL*SIN(THETAL+ALPHAL)~ 

F M S L  = P L I N ( F M L ~ F M S 1 A R p F M V E C t N T A ~ L E )  

HL = l . / ( T A N ( A L P h A L ) * F M S L I  
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE CASE 4 

HLN = HL 

BETALN = bETAL 

FLAML = TAN(THETAL+ALPHAL) 

FLAMLIY = FLAML 

S S N = S F I E L D ( l ~ l )  

GL=PLTN 1 FMSLvGAMMA, FMSTAR,  NTABLk) 

FMWL=PLTN(FMSL,FMUIFMSTAR,NlABLt) 

WL=(SIN (ALPHALI*COS lALPHAL))/11546,336/(FM~L*778.)*GL) 

WLN=hL 

155 A S  = FLAMCN 

BS = - 10 

C S  = YL - XL*FLAMLN 

KR = 1 

2 4 5  GO TG ( 2 0 5 , 2 1 5 , 2 2 5 , 2 3 5 , 2 4 0 ) ,  KR 

205 RC = RNXl  

CXL = XN1 

C X R  = XN2 

GO TO 2 5 0  

215 RC = RNX2 

CXL = XN2 

C X R  = 00 

GO TO 2 5 0  

225 RC = RPXl  

I 

CXL = 00 

C X R  = XP1 
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F O R T R A N  I V  PROGRAM LISTING OF SUBROUTINE C A S E  4 

GO T O  250 

2 3 5  KC = R P X 2  

C X L  = XPL 

CXR = X P 2  

GO TO 250 

240 KC = R P X 3  

C X L  = XP2 

CXR = X P 3  

2 5 0  Y 1  = R T  + RC 

A 1  = AS*AS + B S * O S  

€31 = 2 . * ( B S * C S  - Y l * A S * A S )  

C 1  = A S + A S * Y L + Y l  + C S * C S  - AS*AS+HC+RC 

I F  ( B l + B l - 4 ~ + A l + C l )  2 5 5 r  10, 15 

10 Y N  = - B l / ( Z . * A l )  

XN = - ( B S * Y N  + C S ) / A S  

GO T O  270 

15  YN = (-81 - SQRTIBl*B1-4.+Al*C1))/(2~*Al) 
XN = - ( B S + Y N  + C S ) / A S  

270 I F  ( X N - C X L )  271, 140, 260 

260 I F  (XN-CXR)  140, 1401 2 5 5  

2 5 5  I F  ( K R - 5 )  265, 39 5 

2 6 5  KR = K R  + 1 

GO TU 2 4 5  

5 NC = N C T  - 1  

DO 30 I = l r  NC 
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FORTRAN I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  CASE 4 

SLCPE = ( Y C ( I + l ) - Y C ( I ) ) / ( X C ( I + 1 ) - X C ( I ) )  

XN = -(BS*YC(I)-SLOPk*BS*XC(I)+CS)/(AS+BS*SLOPE) 

I F  ( X N  - X C ( I + l ) )  35, 40, 30 

35 I F  (XN - X C t I ) )  30, 459 57 

40 XN = XC(I+L) 

YN = Y C ( I + l )  

K = O  

GO TU 5 0  

45 XN = X C I I )  

YN = Y C ( 1 )  

K = O  

GO TO 5 0  

30 CONTINUE 

I = NC 

5 7 K = 1  

50 c a u  POLY(XC,YC,I ,N,NCT,FMTRIX)  

I F  ( K )  198, 1 9 8 9  73 

73 x = X C f I )  

I K  = 0 

130 KCOUNT = NP1 

YN = F M T R I X ( N P l , N P 2 )  

83 KCOUNT = KCOUNT - 1 I 
IF (KCOLINTI 81,  81, 82 

82 YN = YN + FMTRIX(KCOUNT,NPZ) * X++(NPl -KCOUNl)  

GO TO 83 
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FORTRAN 1 V  PROGRAM L I S T I N G  OF SUEROUTINt C A S t  4 

8 1  XN = - ( B S + Y N  + CS) / AS 

I F  1XN - 1.1 2 4 6 ,  246,  247 

246 DELTAX = XN - X 

GO TG 248 

247 OELTAX = ( X N  - X ) / X N  

248 I F  (ABS(DELTAX) oLEoLoE-06 .0K~ IKoGEo lO)  GO TO 1 9 8  

X = XN 

I K  = I K  + 1 

GO TO 130 

198 KCOUNT = N 

SLOPE = FMTRIX(N1NP2) 

86 KCOUNT = KCOUNT - 1 

I F  (KCOUNT) 841 84, 85  

85 SLOPE = SLOPE t FLOAT(NP1-KCUUNT) * FMTRIXIKCOUNT,NP2) * 

1 XN**(N-KCOUNT) 

GO TO 86 

84 THETAN = ATAN(SLOPE1 

GO T O  1 9 3  

140 THETAN = A T A N ( X k / ( Y l - Y N ) )  

193 FMSN = (THETAN - THtTAL-BETALN+(YL-YN)) /HLN+FhSL+(WLN+(WLtJ*(SSL-SS~)) /~ 

LLN 

I F  (FMSN .GT.  FMSTAK(NTABLE1 .OR. FMSN .LE* 1.0) GO T O  160 

FMh = PLTh lFMSh ,FMVtC,FMSTAR,NTABLE) 

ALPHAN = A T A N ( S W K T ( l . / ( F M N + F M N - i . ) ) )  

FLAMtv = TAN(1HETAN + ALPHAN) 
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTIN€ CASE 4 

FLAMLN = (FLAML+FLAMN)/2o 

HLN = (HL  + HN) /2o  

BETALN = (BETAL+BElAN) /Zo 

GN=PLTN(FMSN~GAMMA,Ff lSTAR,NTABL~)  

fHYN=PLTN(FHSN,~HWtF~STARtNTABL€) 

S S k = S f I E L D ( l , l )  

WN=( S I N  (ALPHAN)*  COS(ALPHAN) ) / (15 . , , 33  

WLN=fWL+WN)/Z. 

DELMN = FMSN - FMSNT 

/ ( F  IWN*778. ) * G  I )  

I F  fABS(DELMN) .LE- 1.E-07 .OR* ICOUNT e G E .  5 0 )  GO TO 160 

ICOUNT = ICOUNT + 1 

FMSNT = FHSN 

GO TO 155 

160 RETURN 

271 WRITE (6,6981 

698 FORMAT ( l H l t l O X , 4 3 H T H E  X-COOKDINATE OF THE IMPUT POINT IS TOO t 

1 18HSMALL---DATA ERROR) 

804 CALL DUMP 

END 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S U B R O U T I N t  P E K F O R  

C 

C 

C 

S U B R O U T I N E  F O R  C A L C U L A T I N G  N O Z Z L C  PERFORMANCE t l Y  INTEGRATING 

ALCNG S T A R T I N G  L I N E  AND N O Z Z L t  CONTOUR 

C 

S U B R U U T I r J t  P E R F O R ( X S A U E R t Y S A U E K t ~ M S A U K t T H E T A S ~ X W A L L ~ Y W A L L t ~ ~ A L L ~  

1 P t T p G A M M A , F M W t  N T A B L E , N S O N f t J L A S T v N , P A 1 P C , R T , X N L T t i t Y E X I T )  

COMPON F M V E C  

DIMENSION X S A U E R ( 6 0 ) t  Y S A U E R ( 6 0 1 ,  T H E T A S ( 6 0 ) t  F M S A U H ( 6 0 ) t  

1 X W A L L ( 2 S O ) t  Y W A L L ( 2 5 0 ) t  P W A L L ( 2 5 0 1 ,  P ( 8 0 1 ,  T ( 8 0 1 ,  F M W ( 8 0 1 ,  

2 G A P M A ( 8 0 ) t  F M V E C ( t 3 0 ) t  F M T R I X ! 8 , 9 1 t  P U S H S W ( 2 5 0 )  

P I  = 3.1415926536 

N P 2  = N + 2 

NSMONE = NSONE - 1 

I N T € G R A T I N G  ALOhiG THE I N I T I A L  V A L U E  CURVE 

FLOk = 0. 

P U S H  = 0. 

DO 5 I = 1 9  NSMUNE 

T H E T A V  = (ThETAS(I)+THETAS(I+l))/Z~ 

T H E T A N  = A T A N  ( ( X S A U E R 1 I ) - X S A U E R ( I + l ) ~ / ( Y S A U E R ( I + l ) - Y S A U ~ R ( I ~ ) )  

T H E T A T  = T H E T A N  - T H E T A V  

P 1  = P L T N [ F M S A U H ( I ) , P , F M V E C , N T A ~ L E )  

P 2  = P L T N ( F M S A U R ( I + l ) t P v F M V ~ C t N T ~ B L E )  

PS = ( P 1  + P2)/2. 
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FORTRAN I V  PROGRAM LISTING OF SUBROUTINE PEAFOR 

TI = PLTN(P1tTtPtNTABLE) 

1 2  = PLTN(P2tTtPtNTABLE) 

TS (11 + T2)/2o 

G1 = PLTN(PlrGAMMAtP1NTA~LE) 

62  = PLTN(P2rGAMMA1PtNTABLE) 

GS = (G1 + G2)/2m 

F N W l  = PLTNIPL,FMWIPINTABLE) 

FHU2 = PLTN(P2tFMWtPtNTABLE) 

FHWS = (FHWL + fHW2)/2. 

CS = SORT (32~174~GS*lS66m336~1S/F~WS) 

V S  = CS (FMSAUR(I)+FNSAUR(Itl))/2. 

RHU = 144.0 PS FWWS /(1546.336 T S )  

OA = PI (YSAUER(I+1)**2 - YSAUER(I)+*2) / COS(1HETAN) 

OA = ABS(OA1 

VN = V S  COS(THETAT) 

FLOW = FLOW t DA*RHU*VN / 144.0 

PUSH = PUSH + OA*(PS*COS(THETAN) + RHU+VN*VS*COSITHETAV)/ 

1 (144.0*32o174)) 

5 CONTINUE 

PUSH = ABS(PUSH) 

FLOW = ABS(FL0W) 

INTEGRATING ALONG THE NOZZLE CONTOUR 

PULSE = 0. 
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FORTRAN I V  PROGRAM LISTING OF SUBROUTINE PEHFOR 

DO 104 J = 2 9  J L A S T  

I = J - l  

CALL P O L Y ( Y k A L L , P W A L t , I t N ~ J L A S T ~ F M T R I X )  

KCOUNT = NP2 

130 KCOUNT = KCOUNT - 1 

POkER = luP2 - KCOUNT + 1 

I F  (KCOUNTI 112,  112,  132 

1 3 2  PULSE = PULSE + FMTRIX(KCOUNTvNP2) (YWALL(J)*+POWtR - 
1 YhALL(J- l )+*POWCR) / POWER 

GO TO 130 

1 1 2  PUSHSW(J1 = Z.+PI*PULSE + PUSH - PA*PI*YWALL(J I *YWALL(J)  

104 CGNTINUE 

I F  IXWALL( JLAST)-XNLTH) 116, 116, 117 

117 PUSHSWfJLAST) = PUSHSW(JLAS1-1) + (PUSHSW(JLAST) -PUSHSW(JLAST- l l )  

1 + ( X N L T H - X W A L L ( J L A S T - l ) ) / ( X W A L t ( J L A S T ) - X W A L L ( J L A S T - l ) )  

XWALL( JLAST) = XNLTH 

YWALL(JLAST1 = YEXIT 

116 WRITE ( 6 , 6 4 1 )  

6 4 1  FORMAT ( lHl , lOX,47HPtRfORMANCE BY INTEGRATING ALONG NOZZLE CONTOUR 

1 1 5 H  AT WALL POINTS//19X~lHX~12X,lHY,12X~6HTHRUST~7X~ 

2 11HSP. IMPULSt,9X,2HCF/17X,SH(IN1),8X,5HtIN.),lOX~6H(L~f~)~6X, 

3 13H(LBF-SEC/LBMI / / )  

DO 1 5 1  J = N S O N C ,  JLAST 

SPIPLS = PUSHSW(J) / FLOW 

CF = PUSHSW(J) / (PC*PI*RT+RT) 
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FORTRAN I V  PROGRAH L I S T I N G  OF SUBROUTINE PERFOR 

151 WRITE ( 6 , 6 4 2 )  XWALL(J)r  YWALL(J I t  PUSHSW(J)t  SPIf 'LS, CF 

642 FORMAT ( 1 H O ~ l O X ~ 2 F 1 3 o 7 ~ F l 8 o 7 , 2 F 1 4 , 1 )  

WRITE ( 6 , 6 3 6 )  FLOW 

636 FORMAT (//lHOtlOX~39HMASS FLOW RATE BY INTEGRATING ALONG THE 

1 14H STARTING L I N E / / l Z X , l l H F L O W  RATE =tF13.7*8H LBN/SEC) 

WRITE ( 6 , 6 3 7 )  

637 FORMAT (1HO) 

RETURN 

1 E N 0  
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FORTRAN I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  SAUER 

SUBROUTINE SAUER(RNX2,RT,G,NSONE1XSAUER,YSAUER,YSAUER,TH€lAS,FMSAUR, 

1 S SAUER 1 

D I M E N S I O N  X S A U E R ( 6 O ) r  Y S A U E R ( 6 0 ) t  T H E T A S ( 6 0 1 t  F M S A U K ( 6 0 ) r S S A U E R ( 6 0  

11 

R = R N X 2 / R T  

SIGMA = S Q R T ( Z o / ( ( G + L o ) + K ) )  

EPS = 0,125 * SUKT(2.+(G+L,)/R) 

FMS = 1. - SIGMA E P S  + 0 . 2 5 * ( G + L ~ ) + S I G M A * S I G M A  

F M S A U R ( 1 )  = SQHT1(2oO+FMS+FMS/(G+lo))/(lo-(G-lo)+~~S~FMS/(G+l.))) 

A L P H A  = ATAN(SUKT(l./(FMSAUK(l)*fMSAUR(l)-l.))) 

P H I  = 3 . 1 4 1 5 9 2 6 5 3 6 / 2 .  - ALPHA 

OELU = 0.15 

16 X O  = D E L U / S I G M A  + E P S  

B E T A  = A T A N ( X 0 )  

I F  ( P H I  .GT. B E T A )  GO T O  14 

O t L U  = D E L U  - 0.01 

W R I T E ( 6 , 6 0 0 ) X O , F M S p  FMSAUK( l ) ,ALPHAtPHI ,eETA 

I F ( DELU-0, 1 1 1 1 5  p 16 9 16 

14 X S A U t i R ( 1 )  = 0. 

Y S A U E R ( 1 I  = 1. 

T H E T A S ( 1 )  = 0. 

SSACIER( 1)=1. 

D E L Y  = l./(fLI)AT[~SCNt)-l.) 

D O  20 I = 29  FlStiNk 

Y S A U E R ( 1 )  = 1. - ( F L O A T ( I ) - l . ) + D E L Y  
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE SAUER 

XSAUER(1)  = X O * ( l 0 - Y S A U E R ( I ) )  

U = SIGMA*(XSAUER( I ) -EPS)  + 0.25*(G+lo)*SIGHA*SIGMA*YSAUER(1)**2 

V = OoS*(G+lo)*SIGMA*SIGMA*~XSAUER~I~-EPS~*YSAUER~I~ + 

1 (G+1~)*(G+1~)~SIGMA+SIGMA~SIGMA*YSAUER(I~*YSAUER~I~**2/16. 

XMS = S Q R T ( ( l o + U ) * ( L o + U ) + V * V )  

FHSAUR(1)  = SQRT[(ZoO*XnS*XWS/(G+lo))/(lo-(G-lo)*XMS*XMS/(G+lo))) 

THETAS(1 )  = A T A N ( V / ( l o + U ) )  

S S A U E R ( I ) = l o  

20 CONTINUE 

YSAUER(NS0NE) = 0. 

THETAS(NS0NE) = 0. 

00 25 I = 1, NSONE 

XSAUERtI) = XSAUER( I1  RT 

Y S A U E R I I )  = YSAUkR(1)  RT 

25 CONTINUE 

RETURN 

15 WRITE (6.600) XO,FMS,FHSAUR(l ) rALPHA,PHI1BETA 

600 FORMAT ( l H O i l O X , 6 F l 2 * 7 )  

CALL E X I T  

END 



F O R T R A N  1 V  PHOGRAM L I S T I N G  OF S U H K O U T I N E  PRbPTY 

C 

C SUt3RUUTIhk T O  C A L C U L A T E  D I F F t R E N T  T H E R M O D Y N A M I C  P R O P E R T I E S  

C 

S U B H O U T I N C  P R O P l Y ( F M S N ,  T,FMW,GAMMA# N [ A B L E  9 PN, T N ,  

1 V N , R H U ~ , F M ~ , S S ~ , P C , P O N )  

COPPOI\( F M V E C v F M S T A R  

O I M t l L S I G N  P(8O)f T ( 8 0 1 ,  fMW(80)r G A M M A ( 8 0 1 ,  fMVtC(Bu1, F M S T A R ( 8 0 )  

T N  = P L T N ( F M S N g T , F M S T A R , N T A B L E )  

FMN = P L T N ( F M S N , F M V E C , F M S T A R p b I T A f j L E )  

G N  = P L T N ( F P S N , b A M M A , F M S T A R , N l A i 3 L t )  

F M h h  = P L T "  ( F M S h ,  FMW, F M S T A R , M l  ABLE 1 

PON= YC/ E X P ( ( S S ~ - 1 . ) / ( 1 5 4 6 . J 3 6 / ( F M ~ N * 7 7 ~ . ) )  1 

PN= P U N / (  l .+(GN-1.) /2,+FMN+FMN)a9(GN/(GN-1.))  

C N  = S Q K T ( 3 2 . ~ 1 4 9 1 5 4 6 . 3 3 6 * G N + T N / F M W N )  

V N  = CN * FMN 

R H U K  = 144.0 * P[L * FMWN / ( 1 5 4 6 , 3 3 6  * T N )  

K E T L K N  

E N D  
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F O R T R A N  I V  PROGRAM L I S T I G  OF S U B R O U T I N E  T H t R M O  

C 

C S U B R O U T I N E  FOR C A L C U L A T I N G  THERMODYNAMIC D A T A  FOR F H O Z E N  FLOW 

C 

S U B R O U T I N E  l H E R M O ( N T A B L E I G I W I Q C I i C I P I T I F M W I G A M M A I F M V ~ C t F ~ ~ T A R ~  

1 C S T A R )  

D I M E N S I O N  P ( 8 O ) r  T ( 8 0 ) r  F M V E C ( 8 0 ) r F M S T A R ( B O ) ,  FMW(8Cl)r G A H M A ( 8 0 )  

DELM = 0.1 

DO 92 I = 1 9  NTABLE 

F I  = I 
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FURTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE PLTN 

C 

C SUtjROUTIMt T i j  P t R F O K M  L I N k A K  INTERPOLATION B E T W t E N  CHERMCOYNAMIC 

C DATA 

C 

FuNCTIOA P L I N ( F M , F M ~ , F M ~ ~ N T A ~ ~ L E )  

DIMEFUSION F M l ( 8 C ) r  FM21801 

I F  ( F M Z ( l ) - F M 2 ( N T A B L E I )  230, 23Gt 235 

2 3 5  50  2 4 0  I = 1, N l A B L E  

IF ( F M 2 1 I I  - FMI 3 5 9  30, 240 

2 4 0  COhTINUE 

I = NTABLE 

5 0  W R I T E  ( 6 9 6 0 0 1  f -Mr  F M l ( 2 ) .  FM2(2) 

600 FORMAT ( 6Xt44HVALUE BEYOhD lA t jLE  L I M I T S ,  EXTRAPOLATIUN dAS,  

1 15H PEKFURMEG --- t 3 F 1 5 . 7 )  

GO TO 30 

230 0 0  10 I = 1 9  huTAt3Lt 

I F  ( f M Z ( 1 )  - F M )  10, 3 0 1  35 

10 CONTINUt  

I = ILTABLE 

GO T O  50  

3 5  I F  ( I  - 11 45, 4 5 ,  30  

4 5 1 = 2  

GC TO 50 

30 PLTN = ( F M l ~ I ~ - F M l ~ I ~ 1 ~ ) ~ ( F M - F M 2 ( I ~ l ~ ~ / ~ F M ~ ~ 1 ) ~ ~ ~ Z ~ I ~ L ~ ~ ~ ~ M l ( I - l )  

40 RETURN 

END 
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F O R T R A N  I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  STHEAM 

C S U B R O U T I N E  FOR C A L C U L A T I N G  STREAH L I N E S  TO FEED I N T O  S C - 4 G 2 0  

C P L O T T E R  

C 

S U B R O U T I N E  S T R E A M ( X F I E l D ~ Y F I ~ L D ~ F f l S F ~ D ~ l H E l A V ~ K ~ N S O ~ € ~ X S T ~ ~ Y S T ~ ~  

1 THSTR,NTOTAL,NROW) 

D I M E N S I G N  X F I E L D ( 3 , 6 0 1 ,  Y F I E L D ( 3 , 6 0 ) ,  F H S F L D ( 3 r 6 O ) p  T H E T A V ( 3 r 6 O ) r  

1 XSTR(60)r Y S T R ( 6 0 ) .  T H S T R ( 6 O ) r  N R O W ( 3 )  

T A N  ( X I  = SIN ( X ) / C O S  ( X I  

VTEST = 10. Y F I E L D ( 3 , l )  

N = NROW(3) - 1 

J S T A R T  = 1 

"ONE = NSONE - 1 

KI = -1  

DO 5 J = 2, NMONE 

I F  ( X S T R ( J )  + Y S T R t J I  + T H S T R ( J ) I  2 9 ,  2 8 9  29 

29 I F  (IO 10, 10, 25 

10 I F  (KI) 2 0 ,  25, 45 

20 Y N E k  = Y S T R ( J I  + T A N  ( T H S T R ( J ) ) * ( X F I E L D ( 3 , l ) - X S T R ( J ) )  

IF (YNECJ - Y F I E L D ( 3 , l I )  309 309 35 

35 kRITE (1)  X S T R ( J I ,  Y S T R ( J 1 ,  X F I E L D ( 3 , l ) r  YNEW 

N T O T A L  = N T O T A L  + 1 

X S T R i J )  = XFIELD(3,l) 

Y S T R ( J )  = Y N E W  

T H S T H ( J )  = T H E T A V ( 3 , l )  

Y T E S T  = YNEW 

1 1 3  



FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE STKEAM 

G o  T O  5 

30 K 1  = 0 

2 5  DO 5 G  J 1  = JSTAKT, N 

I F  ( F M S F L D 1 3 t J l + l ) )  2 8 ,  28, 7 

7 XNkk = ( ( Y S T R ( J ) - Y F I E L D ( 3 t J L ) - X S T K ( J ) * T A N  ( T H S T R ( J ) ) ) *  

1 ( X ~ I E L D ( 3 ~ J 1 + 1 ~ ~ X F I t L D ~ 3 t J l ~ ~ + X f I E L D ~ 3 , J l ~ * ~ Y F I E L D ~ 3 ~ J l + l ~ ~  

2 Y F I t L D ( 3 p J l ) l  ) / ( Y F I ~ L D ( 3 t J 1 + 1 l - Y ~ I ~ L D ~ 3 ~ J ~ ~ ~ l A ~ ( T H S T R ~ J ~ ~ ~  

3 (XFIELD(3tJl+l)-XFItLD(3tJl))) 

YNEk = YSTR(J1 + TAN (THSTR(J))+(XNEW-XSTR(JI) 

IF (YNEh - Y F I f L 0 ( 3 , J l ) )  89 '3, 19 

8 I f  (YNEW - Y F I E L D ( 3 t J l + Z ) )  501 Y 9  9 

9 I F  lYNEk -. Y T E S T )  1 6 9  199 19 

16 WRITE (1 )  X S T R ( J I 9  Y S T K ( J 1 ,  XNEWt YNEW 

NTCTAL = NTOTAL + 1 

XSTK(J1 = XNEW 

YSTK(J1  = YNEW 

Y T E S T  = YNEW 

T H S T K ( J )  = T H E l A V ( 3 t J l + l )  + ( T H E T A V ( 3 ~ J l ) - T H E T A V ( 3 t J l + l ) ) * ( Y N E W -  

1 Y f I E L D ~ 3 ~ J 1 + l ~ ~ / ~ Y F I E L ~ ~ ~ 3 ~ J l ~ ~ Y ~ I E L ~ ~ 3 t J l + l ~ ~  

GO T O  1 2  

5 0  COhTINUE 

K I  = 1 

IF ( K )  459 4 5 9  5 1  

1 2  JSTART = J l  

GO T O  5 
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F O R T R A N  I V  PROGRAM LISTING O F  SUBROUTINE S T R E A H  

4 5  

48 

5 

19 

603 

28 

2 1  

46 

601 

47 

602 

5 1  

Y N E h  = Y S T R ( J )  + T A N  ( T H S T R ( J ) ) + ( X F I E L D ( 3 r N + 1 ) - X S I R o )  

I F  ( Y N E k )  46, 47, 48 

W R I T E  (1)  X S T R ( J 1 ,  Y S T R 1 J ) r  K F I E L D f 3 r N + l ) ,  YNEW 

hrTOTAL = N T O T A L  + 1 

X S T R f J )  = X F I E L D ( 3 r N + L )  

Y S T R ( J 1  = YNEW 

T H S T R f J )  = THETAVf3rh+ll 

Y T E S T  = YNEW 

CUNTlNUE 

R E T U R N  

J U = J + l  

W R I T E  f 6 ~ 6 0 3 ) J i  Ju 

F O R H A T  f 1 H  93X91295H AND rI2926H TH S T R E A M L I N E S  CROSS O V E R )  

00 2 1  I = J, "ONE 

X S T R f I )  = 0. 

Y S T R f I )  = 0- 

T H S T R ( 1 )  = 0 -  

R E T U R N  

W R I T E ( 6 r 6 0 1 I  

FORMAT (1H ,10X,36HSTREAPl  LIIvE CROSSES A X I S  OF SYMMETRY)  

R E T U R N  

W R I T E (  6,602 1 

FORMAT ( 1 H  * l O X , 2 0 H S T R E A M  L I N E S  O V E R L A P )  

R E T U R N  

END 
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C 

C SUBRUUTINE T O  F l i  AN N T H  O R D t K  PULYNOMIAL. N = 1 T O  7 

C 

SUBROUTINE POLY(XC,YCvL,NtNCT,FMTRIX) 

D I M E N S ICN X C ( 2 5 0 1 9  YCIZTO), F M T H I X ( 8 9 9 )  

NPL = N + 1 

N P 2  = N + 2 

C 

C P I C K  UP PROPtR P O I N T S  F O R  CURVE F I T T I N G  

C 

IF (L . G T o  N/21 GO T O  60 

NI = 1 

GO TO 145 

60 IF (L .LE. NCT + (N-11/21 GO TO 65 

NI = L - N/2 
GO T O  145 

65 NI = N C T  - I'd 

C 

C DEF l & E  CUEFI-ICILNTS OF T H E  S I M V L T A N E O U S  E Q U A T I O N S  
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE POLY 

100 N1 = N I  + 1 

C 

C T E S T  I F  ANY COEFFICIENT ON THE PRINCIPAL DIAGONAL IS ZERU 

C 

00 5 I = 1, N 

I F  ( F M T R I X ( I , I )  o E Q o  0.1 GO TO 10 

5 CONTINUE 

GO TG 15 

INTERCHANGE THE EQUATION WHERE THE COEFFICIENT ON THE PRINCIPAL 

DIAGONAL IS ZERO WITH THE LAST EQUATION 

20 

C 

C 

C 

15 

I 

115  

DO 20 J = 1, NP2 

TEMP = FMTRIX(1,J) 

F H T R I X ( I ~ J 1  = FMTRIX(NP1,J) 

F M T R I X ( N P 1 r J )  = TEMP 

CONTINUE 

USE JORDANS EL IMINATION METHOD TO SOLVE THE SIMULTANEOUS EUUATIDNS 

DO 110 K = 1, N P 1  

K l = K + l  

DO 1 1 5  J = K 1 ,  NP2 

FMTRIX(K,J)  = f M T R I X ( K , J ) / F M T R I X ( K ~ K )  

FHTRIX(K,K)  = 1. 
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F O R T R A N  1 V  PKOGKAM LISTING OF S U t 3 R O U T I N t  P O L Y  



FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE TEST 

SUBROUTiNE T E S T ( X K , Y H , X L , Y L , X N , Y N 1 X P I Y P 1 I T E S T )  

D IMENSION X ( 4 ) .  Y ( 4 )  

I T E S T  = 0 

X ( 1 )  = XP 

Y ( l )  = YP 

X ( 4 )  = XN 

Y ( 4 )  = YN 

I F  ( Y N  ,GT. Y L )  GO TO 5 

I F  (XN ,LE, X L )  GO TO 15 

GO TO 10 

5 I F  ( Y N  -LT ,  Y R )  GO TO 10 

I F  (XN .LE, XR) GG TO 20  

GO Ta L O  

15 WRITE (6,6001 

600 FORMAT (4XV39HTWU RIGHT RUNNING CHARACTERISTICS CROSS) 

I T E S T  = 1 

X 1 2 )  = X L  

Y ( 2 )  = YL 

X ( 3 )  = XR 

Y ( 3 )  = YK 

GO TO 2 5  

20 WRITE (6,6051 

605 FORMAT (4X,38HTWO LEFT RUNNING CHARACTERISTICS CROSS) 

ITEST = 2 

X ( 2 1  = XR 



FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINt TEST 



FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE SHUCK1 

C 

C SUBROUTINE FOR COMPUTING SHOCK WAVES, 

C 

SUBROUTINE S H O C K I ( P ~ T I F M W ~ G A H M A ~ P C ,  NTABLEeCSTAR,XFIELDe 

1 YFIELD~FMSFLO~THETAVINROWIJ1JLrJ2rJ3~J~Jl~J2~J3~Jll~Jl3~ITESl~ISH~CK~XSHOCK~ 

2 Y S H O C K ~ F M S H O K e T S H O C K ~ X M U S H K ~ E P S )  

COMMON FMVECfFMSTAReSSSeSSHOCK 

COMNON/CAL/ KENTRO 

DIMEluSIGN XFIELD(3e60)r YFIELD(3r60), FMSFLDI3r60)~ T H E T A V ( ~ I ~ O ) ,  

1 NROW(3). P(80)r T(80). FMW(8O)e GAMMA(8O)r FMVEC(8U)p FMSTAR(80)e 

2 TH611( 3) e 111 ( 3 )  9 X M U 4 (  3) 9 FMTRlX( 8 9 9 )  9 XSHOCK( 100) 9 YSHOCK( 100) e 

3 TSHOCK(100), kMSHOK(10O)e X M U S H K ( 1 0 0 ) ,  EPS(100) 

L~SSS(3r60)eSSHCCK(lOO) 

TAN(X) = SIN(X)/COS(X) 

DELTA = 2, / 5 7 . 3  

IF (ISHGCK .GT, 0 )  GO TO 10 

X 1  = XFIELO(1,Jl) 

Y1 = YFiELOtlrJl) 

SSl=SSS(l,Jl) 

FMSl = FMSFLD(ltJ1) 

FM1 = PLTN(FMSl~FMVEC,FMSTAReNTAbLE) 

TH1 = THETAV(1,Jl) 

ALPl = ATAN(SQKT(l./(FMl*FMA-l=))) 

XMUl = THl - ALPl 
52  = J1 t 1 
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FORTRAN 1 V  PKOGKAM L 1 S T I h G  OF SUBROUTINE SHUCK1 

J 3 = J t 1  

J 1 1  = J 1  

J 1 3  = J 1  - 1 

X12 = X F I E C D ( 2 , J )  

Y 1 2  = Y F I t L D ( 2 9 J )  

S S  12=SSS ( 2  t J 1 

FMS12 = F M S F L D ( 2 , J l  

TH12 = T H E T A V ( 2 , J )  

E P S l  = 0.9 

GG T C  15 

10 X 1  = XSHOCK(1SHOCK) 

Y 1  = YSHOCK(ISHUCK1 

SSl=SSHCCK(ISHUCK) 

FMS 1 = FMSHOK ( I SHUCK 1 

F M l  = P L T N ( F M S l , F M V E C , F M S T A R p N T A B L E )  

TH1 = TSHUCK(1SHLCK) 

XMUl = XMUSHK(I5tiOCK) 

x 1 2  = x 1  

Y12 = Y1 

s s 1 2 = s s 1  

FMS12 = F M S l  

TH12 = T H l  

E P S l  = t P S ( 1 S H C C K )  

1 5  X2 = X F I E L C ( L * J L )  

Y2 = Y F I E L O ( l , J 2 )  
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FORTRAh 1 V  PROGRAM LISTING OF SUBROUTINE SHUCK1 

SS2=SSS(lpJ2) 

IF IY2 ,Ea. 0,) GO TO 60 

FMS2 = fRSfLD(lrJ2) 

TH2 = THETAV(lvJ2) 

X3 = XFIEL012rJ3) 

Y3 = YFIELD(ZvJ3) 

SS3=SSS(2,J3) 

FMS3 = FMSFLD(2rJ3) 

TH3 = THETAV(2vJ3) 

X13 = XFIELD(3rJ13) 

Y 1 3  = YFIELD(3,Jl3) 

SS13=SSS/3rJ13) 

FMS13 = FMSFLD(3rJ13) 

TH13 = THETAV(3pJ13) 

FM12 = P L T N ( F M S 1 2 , f M V E C ~ F M S T A R ~ ~ T A ~ L E )  

ALP12 = ATAN(SURT(lo/tFM12~FM12-LI))) 

WRITE (6,601) X 1 2 , Y 1 2 ~ T H 1 2 ~ F M S 1 L ~ X 1 3 ~ Y 1 3 ~ T H 1 3 ~ F M S 1 3 ~ S S 1 2 ~ S S 1 3  

I F  (FMS2 .EO. 0. ,OR, FMS3 .EO. 0- -OK. FMS13 o E Q o  3.1 GU JO 60 

X M U l  = X M U l  + OELTA 

72 X M U l  = X M U l  - O E L l A  

71 XMU4(1)= X M U l  

XHLI4(2)= X M U l  - DELTA 

XMU4(3) = XMU4(Sl - DELTA 

N = 3  

50 DO 20  K = 1 9  N 
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k O R l R A N  I V  P k O G K A M  L I S T I N G  OF S U R R O U T I N t  SHUCK I 

F M U 4  = X M U 4 ( K )  

F L A M  = ( T A N ( X P I J I )  + T A N I F M U 4 ) ) / 2 *  

ti = 

X 4  = X 2  + B * ( X 3 - X 2 )  

Y 4  = Y 2  + O a ( Y 3 - Y Z )  

S S 4 = S S 2 + 8 * (  S S 3 - S S Z )  

T H 4  = T l i 2  f B * ( T h 3 - T H Z )  

FMS4 = FMS2 t b * ( F M S 3 - F M S 2 )  

x 1 1  = x4  

Y l 1  = Y 4  

C A L L  S H U C K I Y T T , ~ M k , G A M M A , P C ,  NTABLE,FMS4,TH4,FMU4,EPS1,  

( ( Y 1 - Y 2 ) -  ( >(1-X2)  * F  L A M )  / ( ( Y 3 - Y Z ) -  ( X 3 - X 2  1 *f-LAM 1 

1 E P S l l , F M S 1 1 ~ T H L 1 , C S T A R ~ S S 4 ~ ~ S l l )  

F M l l  = P L T N  ( E M S 1  1 , k M V E C ,  F M S T A R , I L I  A B L E )  

A L P 1 1  = A T A ~ ( S W K T ~ l ~ / ( F Y l l * F M 1 1 - l . ) ) ) ~  

T l l l K l  = T H l l  

GJRIrk ( 6 , 6 0 1 )  X 4 ,  Y4,  T H 4 ,  t P S 4 ,  F M S l l ,  F M l l ,  A L P 1 1 9  E P S L l , S S 4  

T H 1 4 1  = r H l l  

A L P 1 4  = A L P 1 1  

DC 25 I = 1, 2 5  

E T A  = ( T A N ( T H 1 4 1 - A L P l 4 ) + T A N o ) / 2 .  

G = ( ( Y l l - Y 1 2 ) - ( X l l - X 1 2 ) ~ E T A ) / (  ( Y 1 3 - Y L L ) - I X 1 3 - X 1 2 ) * t T A )  

X 1 4  = X 1 2  t (3 * ( X 1 3 - X l Z )  

Y 1 4  = Y L 2  + L * ( Y l 3 - Y l 2 )  

S S 1 4 = S S 1 2 + G a ( S S 1 3 - S S 1 2 )  

T H 1 4  = T H 1 2  + I; * ( T H 1 3 - T H 1 2 )  



F O R T R A N  I V  PROGRAM L I S T I h r G  OF SUBROUTINE SHOCK1 I 

F M S 1 4  = FMSl2 + G ( F M S l 3 - f M S 1 2 )  

D E L  = T H 1 4  - T H L 4 1  

I F  ( A B S ( D E L )  . L E .  1.E-05) GO TO 30 

T H 1 4 1  = TH14 

F M 1 4  = P L T N ( F M S A ~ , F M V E C S F H S T A R S N ~ A ~ L ~ )  

A L P 1 4  = ATAN(SaHT(lo/(FM14,FML4-1.))) 

25 WRITE 1 6 ~ 6 0 1 )  X 1 4 ~ Y 1 4 ~ T H 1 4 ~ F M S l 4 ~ A L P l 4 ~ E T A ~ G ~ D E L ~ S S i 4  

I F ( K . G T . 1 )  GO T O  30 

X M U l  = X M U l  - 1./5703 
GO TO 7 1  

30 THll = TH14 

00 73 I = 1925 

40 H1114 = O . S ~ ~ 1 . / ~ F M S 1 1 * T A N ~ A L P l l ~ ~ + l . / ~ F M S l 4 ~ T A ~ J ~ A L ? l 4 ~ ~ ~  

61114 = 0 . 5 * ~ S I N ~ A L P 1 1 ~ * S I N ~ T H l l ~ / ~ Y l l * C O S ~ T H l l - A L P l l ~ ~  + 

1 S I ~ ( A L P 1 4 ) * S I N ( T H 1 4 ) / ~ Y l 4 * C ~ S ( T H l 4 - A L P l 4 ~ ~ ~  

F M & l l =  P L T N ( F M S l 1 , F M W ~ f M S T A R p N T A B L E )  

FMU14=PLTN(FMS14pFMW,FMSTARINIABLE) 

Gll=PLTNIFMSll ,GAMMA(FMSTAR,NTARpNTAtJL€) 

G 1 4 = P L T N ( F M S 1 4 , G A M M A ~ F M S T A R ~ N T A B L E )  

W114= - 5  *~~SIN~ALP11) *COS(ALP11)1 / (1546 .336 /~ l546 .336 /~FMWlA*778 .~+Gl l~  

1+ ~ S I N ( A L P 1 4 ) * C O S ( A L P l 4 ) ) / ~ 1 5 4 6 ~ 3 3 6 / ( F M W 1 4 * 7 7 8 ~ ~ * G l 4 ~ ~  

T H B l l ( K ) = T H 1 4 +  B L 1 1 4 * ( X l l - X 1 4 )  - H 1 1 1 4 * [ F M S l l - F M S 1 4 )  

l -k114+(  S S l l - S S l 4 )  

IF ( A B S ( T H B l l ( K ) - T H l l )  .LE.  1.E-06) GO T O  6 5  

T H l l  = THBll(K) 

1 2 5  



F U R T H A N  1 V  PROGRAM L l S T I h G  OF S l J H R O U T I N t  SHLJCKI  
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FORTRAN 1 V  PROGRAM LISTlNG OF SUBROUTINE SHUCK1 

GO TO 50 

45 ISHOCK = ISHOCK + 1 

XSHOCKl I SHOCK) = X 4  

YSHOCK(ISH0CK) = Y 4  

SSHGCKtISHOCK)=SSll 

TSHOCK(ISH0CK) = THll 

FMShOK(ISH0CK) = FMSll 

XMUSHK(1SHCCK) = XMU4(1) 

THETAV13tJl) = THll 

FMSFLD(3tJl) = EMS11 

WRITE (6,601) XMUP, XMUMt A 1 1  B l r  Clr A 2 ,  8 2 ,  C2 

I 1, ss2.553 

601 FORMAT 17X,lOF12-7) 

RETURN 

60 ITEST = 3 

RETURN 

E N D  
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F O R T R A N  I V  PROGRAM L I S T I h G  OF S U B R O U T I N E  SHdCK 

C 

C SUBROUTINE FOR C O M P U T I N G  P R O P E R T I E S  ACROSS A SHOCK wAVE. 

C 

sutwoui i r i t  S H O C K ( P , T , F M W , G A M M A ~ P C (  N T A B L E , 6 M S 4 , T H E T A 4 ,  

1 X ~ ~ 4 , E P S , E P S 2 , F M S l l ~ T ~ t l l , ~ S T A ~ ~ S S 4 , S S l l )  

COFIPJON FMVECpFMbTAR 

COMPUN/CAL/ K E N T H C  

D I M E N S I O N  P ( 8 0 ) ~  T ( 8 0 ) ,  F M W ( H O ) ,  G A M M A ( 8 0 ) p  F M V E C ( 8 3 ) r  F M S T A K ( 8 O )  

C A L L  P H G P T Y  ( k M S 4 t  1, FMW ,GAMMA, N T A R L E , P 4 , T 4 , V 4 r R H U 4 ,  

1 FM41SS4, P C ,  PON) 

G4 = P L T N ( f M S 4 , G A M M A , F M S T A R , N T A B L E )  

F M h 4  = P L T N ( ~ M S 4 , F M W , F M S T A K , ~ T A ~ ~ € )  

ANGLE = THETA4 - XMU4 

E P S l  = EPS 

2 P 1 1  = P4 + HHU4~V4*V4*~1.-EPSl~+SIN(ANGLE~~*Z/~3Z~l?4*144~~ 

G 11 = P L T N  ( P 1 1 ,  GAMMA, Y 9 f \ iTABLt  1 

E P S 2  = ( ( G 1 1 + l o ) / ( G l 1 - l . ) + P l l / P 4 ~ / ~ ~ G l l + l ~ ~ * P l l / ~ ~ G A l - l o ~ * P 4 ~ + l . ~  

D E L  = E P S 2  - E P S l  

I F  ( A B S ( D E L 1  . L T .  lot-05) GO T O  A2 

E P S l  = E P S 2  

GO T O  2 

12 V N l l  = V4 * FiPS2 * S I N ( A N G L E 1  

V T l l  = V4 C O S ( A F U C L t )  

V l 1  = S Q R T ~ V N l l + V N l l  + V T l l * V T L l )  

F M S l l  = V 1 1  / C S T A R  
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FORTRAN IV PROGRAM LlSTING OF S U B R O U T I N E  SHUCK 

D E L l l  = ATAN(EPS2+SIN(ANGLE)/COS(ANGLE)) 

THE11 = XMU4 + DELll 

E D D l = F M 4  * F M 4  + S I N  (ANGLE)*SIN (ANGLE) 

PARl=1546.336/(fMW4*7780) 

R I P l =  ( 2 o / ( ( G 4 + 1 o ) + E D D l ) ) + ( G 4 - 1 ~ ) / ( G 4 + l o )  

R I P 2  = ( 2 . * G 4 ) / ( G 4 + l O ) * E D D L - ( G 4 - L I ) / ( G 4 - 1 ~ ~ / ~ G 4 + l ~ )  

IF(KENTROoEQo0) 

1SS11=  S S 4 + P A R 1 + ~ G 4 / ~ ~ 4 - 1 ~ ~ ~ A L O G ~ ~ I P l ~ + l o / ~ G 4 - l o ~ ~ A L ~ ~ ~ R I P Z ~ ~  

I F ~ K E N T H 0 , N E o O ) S S 1 1 = S S 4  

1 F ( SS 11. LT. S S 4  1 SS 11 = S S 4  

R E T U R N  

END 



I - U H T K A I L  1 V  PROGKAM L I S T  IhG Ot- S U B K O U T I N t  k X  F H A 4  
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FORTRAN I V  PROGRAM L I S T I N G  OF S U B R O U T I N E  E X T R A 4  

I F  ( h N  .GT. 3 )  GO TO 35 
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F O R T R A N  I V  PKOGRAM L I S T I N G  OF S U B R O U T I N E  E X T R A 4  



FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINt- E X T R A 4  

I F H S F L D ( 2 v l l  = FMSN 

I T H E T A V ( Z t 1 )  = THETAN 

1 

Y F I E L D ( 3 r l )  = YN 

S S S ( 3 , 1 ) = S S N  

F M S F L D ( 3 , l I  = F M S N  

T H E T A V ( 3 , L )  = THkTAN 

I N ( 3 9 1 )  = ICOUNT 

D E L ( 3 v 1 )  = DELTA I 
I 

RETURN 

EN0 
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FUKTRAN I V  PROGRAM L I S T I h G  O f  S U B R O U T I N t  E X T R A 3  

C 

C SUBKUUTINt F U R  CUNTKClL ING M t b H  SIZES HY GENERATING iqEW L t F T  

C RUNNING Ct iAKACTtKISTICS F R O M  T h l r  A X I S  OF SYMMETRY.  
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F O R T R A N  1 V  PROGRAM L I S T I N G  OF S U B R O U T I N E  E X T R A 3  

5 W R I T E  ( 3 )  E X T R A ~ ( ~ ) ~ E X T R A Y ( I ) ~ E X T K A M ( I ) I F M S N , E X T R A T ~ I ~ ~ l I  

l r E X T R A S ( 1 )  

C A L L  C A S E 3 ( E X T R A X ( 1 ) , E X T R A Y ( l ) , t X T R A M ( l ) ~ E X T R A T ( l ) ~  

1 X N ~ Y N , F M S ~ , T H E T A N ~ N T A B L E ~ D ~ L T A ~ l C O U N T , S S N , E X T R A S ~ l l ~  

I X X ( 1 )  = XN 

I Y Y I 1 )  = Y N  

S S X ( l ) = S S N  

XM(  1) = PLTN(FHSN,FMVEC,FMSTAR.NTABLE) 

X T ( 1 1  = T H E T A N  

W R I T E  (21552)  E X T R A X L L ) ,  E X T R A Y ( 1 1 ,  XN, Y N  , S S N , E X T R A S ( l )  
I 
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F O R T R A N  I V  P & O G R A M  L I S T I N G  O F  SUBROUTINE E X T R A 3  
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FORTRAN I V  PROGRAM L I S T I N G  OF SUBROUTINE EXTRA3 
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FORTRAN I V  P R O G R A M  L I S T I N G  OF SUBROUTINE CMLINE 


